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Abstract 
Directed self-assembly (DSA) of block copolymers (BCPs) is a prime candidate to further 
extend dimensional scaling of silicon integrated circuit features for the nanoelectronic 
industry. Top-down optical techniques employed for photoresist patterning are predicted to 
reach an endpoint due to diffraction limits. Additionally, the prohibitive costs for “fabs” and 
high volume manufacturing tools are issues that have led the search for alternative 
complementary patterning processes. This thesis reports the fabrication of semiconductor 
features from nanoscale on-chip etch masks using “high χ” BCP materials. Fabrication of 
silicon and germanium nanofins via metal-oxide enhanced BCP on-chip etch masks that 
might be of importance for future Fin-field effect transistor (FinFETs) application are 
detailed.  
 
Chapter 1 introduces the key reasons and main motivations for the research carried out 
during this PhD. Nanoelectronic industry challenges are outlined that have led to increased 
interest in BCP materials for device patterning. The fundamental characteristics of block 
copolymer self-assembly are explained and favorable BCP systems for on-chip etch masks 
are discussed. A literature review detailing early methods incorporating inorganic material 
in self-assembled or “neat” BCP thin films is presented. Furthermore, more recent reports 
for infiltrating BCP thin films are reviewed including atomic layer deposition, sequential 
infiltration synthesis, metal-salt inclusion, and aqueous metal reduction. Salient work on 
applications beyond on-chip etch masks are also mentioned.  
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Chapter 2 details the selective etching of polylactic acid (PLA) from a poly(styrene)-block-
poly(D,L)lactide (PS-b-PLA) BCP. PS-b-PLA was chosen for study as it is a “high χ” BCP 
that can potentially access small features sizes at low molecular weights. Also the degradable 
nature of PLA provides a possibly facile method for creating porous nanoscale on-chip etch 
masks for nanolithography. “Solvo-microwave” annealing was employed to produce well-
ordered nanoscale patterns.  A range of wet etch (solution) and dry etch (plasma) procedures 
for etching PLA were examined in chapter 2 in a view to develop porous on-chip etch masks 
for silicon patterning at sub-20 nm features.  
 
Chapter 3 focuses on the self-assembly of PS-b-PLA using conventional solvent vapor 
annealing. Grazing incidence small angle X-ray scattering (GISAXS) was employed to 
probe the thin film interior and to analyze the ordering of microdomains at different stages 
after solvent vapor annealing. The chapter details PS-b-PLA thin films that are suitable for 
nanolithography. Optimized wet etching of the PLA block is demonstrated in chapter 3 as 
characterized by electron microscopy and GISAXS. Directed self-assembly is also utilized 
to align PS-b-PLA microdomains for nanolithography where both parallel and perpendicular 
alignments of features to guiding sidewalls was observed. 
 
Chapter 4 introduces another “high χ” BCP of interest for nanolithography, PS-b-poly(4-
vinylpyridine). Chapter 4 focuses on the importance of substrate surface functionalization to 
enhance and orient BCP microdomains. Metal oxide inclusion is also discussed for 
enhancing etch contrast of nanodot arrays to enable high aspect ratio silicon nanopillars 
following pattern transfer.  
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Line space features and DSA are demonstrated in Chapter 5 using PS-b-P4VP BCP. Robust 
metal oxide nanowires are formed and produce high aspect ratio silicon nanofins after pattern 
transfer. Graphoepitaxial alignment using hydrogen silsesquioxane (HSQ) prepatterns over 
macroscopic areas is also shown for this system producing near-defect free patterns. 
 
Chapter 6 focuses on an unusual microdomain perturbation observed using graphoepitaxy 
and PS-b-P4VP line patterns that may be related to polymer expansion during solvent vapor 
annealing. Alternative strategies are put forward to alleviate this issue. Whilst reducing 
features has been the path followed for increased device performance, high mobility 
materials are also of much interest. 
 
In chapter 7, long range alignment of PS-b-P4VP line space features through electron beam 
lithographically defined HSQ prepatterns on germanium and germanium-on-insulator 
substrates is demonstrated for the first time. Pattern transfer of metal oxide nanowires 
hardmask arrays to the underlying substrates produces sub-10 nm aligned germanium 
nanofins.  
 
Chapter 8 summarizes the key achievements of each chapter and examines future directions 
of BCP nanopatterns for nanoelectronic device technology.  
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2.1. Abstract 
Self-assembled thin films of a lamellar-forming polystyrene-block-poly(D,L)lactide (PS-
b-PLA) block copolymer (BCP) contain a “reactive” block that can be readily removed 
to provide a template for substrate pattern formation. In this chapter, various methods of 
PLA removal were studied with a view to develop the system as an on-chip etch mask 
for substrate patterning. Solvo-microwave annealing was used to induce microphase 
separation in PS-b-PLA BCP with a periodicity of 34 nm (Lo) on silicon and silicon on 
insulator (SOI) substrates. Wet etches based on alkaline and enzymatic solutions were 
studied in depth. Fourier transform infrared (FTIR) analysis showed that basic hydrolysis 
using sodium hydroxide (NaOH) or ammonium hydroxide (NH4OH) solutions resulted 
in greater PLA removal in comparison to an enzymatic approach using Proteinase K in a 
Tris-HCl buffer solution. However, in the enzymatic approach, the characteristic self-
assembled fingerprint patterns were retained with less damage. Comparison to a dry etch 
procedure using a reactive ion etch (RIE) technique was made. A detailed study of the 
etch rate of PS and PLA homopolymer and PS-b-PLA shows depending on DC bias, the 
etch selectivity of PLA and PS  can be almost doubled from 1.7 at DC bias 145 V 
to 3 at DC bias 270 V. 
 
2.2. Introduction 
Block copolymers (BCPs) consist of two chemically incompatible polymers covalently 
bonded that can microphase separate into well-arranged nanoscale features of significant 
nanotechnological importance.1-5 By altering molecular weights and volume fractions of 
the BCP components, the periodicity of the resulting morphology can be controlled and 
the pattern can be developed for a particular function. In recent years, there has been 
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much interest in BCPs for nanolithography use due to these tuneable characteristics.6,7 
With the ability to achieve sub-10 nm feature sizes8,9 and integrated circuit relevant 
geometries through directed self-assembly,10-12 BCPs are a possible alternative 
methodology for further extension of Moore’s Law.   
 
One of the key processes in a strategy for developing high density device structures from 
BCPs is pattern transfer where the “soft” mask is transferred to the underlying substrate. 
It is highly desirable to have a BCP system where one block can be readily removed 
(etched) to form a topographic pattern resistant block acting as an on-chip mask for 
subsequent substrate etching. This process is well demonstrated for the polystyrene-
block-polymethylmethacrylate (PS-b-PMMA) system using reactive ion etching 
(RIE).13-17 Controlled wet etching can also be effective and because of its simplicity may 
be practical as a general method to create periodic porous nanochannels18 for inclusion 
of functional material for applications in optical, medical or sensing technologies.  
 
The development of processes for selective block removal and/or subsequent pattern 
transfer is challenging and several solutions have been trialled. An ‘‘in situ’’ inclusion 
technique recently showed the effectiveness of metal oxide etch masks as size and 
dimensional control were demonstrated for silicon nanopillar and nanowire 
fabrication.19-21 Polystyrene-block-polydimethysiloxane (PS-b-PDMS) has also been 
intensely studied as the silicon backbone of the PDMS block provides natural etch 
contrast and can form a robust template for pattern transfer purposes.8 Polystyrene-block-
polylactide (PS-b-PLA) is another BCP of considerable potential as an etch mask or 
porous forming template.  Firstly, PS-b-PLA has a high Flory Huggins interaction 
parameter (χ = 0.233)22 which makes smaller feature sizes more accessible. Secondly, 
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PS-b-PLA has similar block surface energies avoiding wetting layer formation at the 
polymer/air interface. Lastly, the ease of removal of the aliphatic polyester PLA makes 
the system ideal for attaining high etch contrast. PLA has been etched most commonly 
using a mild NaOH solution.23-26  It has also been suggested that a PLA wetting layer 
exists at the polymer/substrate interface and this can cause delamination without suitable 
surface treatment.27,28 This approach of substrate modification was recently used for a 
bottlebrush PS-b-PLA where an enzyme was used for PLA degradation to replicate 
biological conditions.29 
 
This chapter demonstrates the applicability of PS-b-PLA in pattern transfer through the 
use of a highly selective dry etch procedure to remove the PLA block and enable silicon 
nanowire fabrication. Three wet etch routes to remove PLA were also studied. The often 
used NaOH was shown to result in over etching. This led to development of an NH4OH 
and methanol etch system. We also report extension of established enzymatic PLA 
degradation in biomedical studies30-34 to degradation of the PLA block in PS-b-PLA 
system.  As mentioned, the dry etching of PLA could be performed with a high degree 
of selectivity leading to large area removal of PLA with the structure of the original 
pattern being retained. The etch selectivity of PS and PLA was measured in a controlled 
way by manipulating the DC bias indirectly during the RIE process. 
 
2.3. Experimental 
Materials. Planar substrates used were highly polished single-crystal silicon <100> 
wafers (p- type) with a native oxide layer of ~2 nm. No attempt was taken to remove the 
native oxide of a few nm depth. Silicon on insulator (SOI) substrates employed contained 
a 140 nm box layer on bulk silicon, followed by a gate oxide with a thickness of 1.2 nm, 
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a 50 nm device active layer, and finally a 20 nm silicon dioxide layer. Polystyrene-block-
Polylactide (referred to as PS-b-PLA, note that PLA is in the DL form) was purchased 
from Polymer Source, Inc., Canada, with a total number average molecular weight of Mn 
= 40.5 kg mol−1 (MnPS = 21 kg mol−1; MnPLA = 19.5 kg mol−1, fPS = 0.53), a polydispersity 
index of 1.15 and was used as received. Hydroxyl terminated polystyrene (PS-OH) was 
purchased from Polymer Source, Inc., Canada, with a total number average molecular 
weight of Mn = 6 kg mol−1, a polydispersity index of 1.05 and was used as received. PS 
and PLA homopolymer (MnPS = 16 kg mol–1 with a polydispersity index of 1.03 and 
MnPLA = 16 kg mol–1 with a polydispersity index of 1.30) were both purchased from 
Polymer Source, Inc., Canada. Proteinase K (from Tritirachium album lyophilized 
powder), sodium hydroxide beads, ruthenium (III) chloride hydrate, ammonium 
hydroxide (28.0-30.0% NH3 basis), methanol (anhydrous, 99.8%), chloroform (HPLC 
grade, ≥99.9%, contains 0.5-1.0% ethanol as stabilizer), tetrahydrofuran (THF) (HPLC 
grade, ≥99.9%) and sodium hypochlorite solution (reagent grade, chlorine 10-15 %) were 
all purchased from Sigma Aldrich. Ruthenium tetroxide (RuO4) was prepared as 
described elsewhere35 and staining was carried out for 1 minute.  
 
Substrate cleaning, PS-OH brush modification, BCP preparation, homopolymer 
preparation and deposition. Substrates were cut into pieces that allowed for horizontal 
placement in microwave tube. Initial experiments involved cleaning substrates using 
UV/ozone for 30 minutes before solvo-microwave annealing. All UV/Ozone treatments 
were performed in a PSD Pro Series Digital UV Ozone System, Novascan Technologies, 
Inc. However, when BCP films prepared on UV/ozone cleaned substrates were wet 
etched delamination of the film resulted. Thus, substrates were modified with a PS-OH 
brush to promote more stable films. Further examination on substrate surface 
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modification is discussed below. For PS-OH brush modified surfaces, substrates (Si or 
SOI) were degreased by ultrasonication in acetone and isopropanol (IPA) solutions for 5 
minutes each, dried in flowing nitrogen gas and baked for 2 minutes at 180 °C in an 
ambient atmosphere to remove any residual IPA. This was followed by cleaning in a 
piranha solution (1:3 v/v 30% H2O2:H2SO4) (Safety caution: May cause explosion in 
contact with organic material!) at 100 °C for 60 minutes, rinsed with deionized water 
(resistivity ≥ 18 MΩ/cm) several times and dried under nitrogen flow. 1 weight % PS-
OH solutions in toluene were then spin coated at 2000 rpm for 30 seconds. After spin 
coating, substrates were annealed at 180°C for 6 hours. PS-OH treated substrates were 
rinsed in toluene for 10 minutes twice to remove any excess polymer that had not grafted 
fully to the substrate surface. After washing, substrates were blown dry with nitrogen 
gas. An ellipsometry measurement shows a 2 nm brush layer is formed. 2 weight % PS-
b-PLA solutions were made using chloroform whereby the solution was sonicated for 30 
minutes to ensure full dissolution. Following dissolution, BCP solution was spin coated 
on the PS-OH brush modified surfaces at 2000 rpm for 30 seconds. For hompolymer dry 
etch studies only, 3 weight % chloroform solutions of PS and PLA films were prepared 
and spin coated at 2000 rpm on UV/ozone cleaned silicon substrates.  
Microwave annealing process. Please note that a comprehensive study has been 
published on the solvo-microwave annealing of this PS-b-PLA system.36 Following 
deposition of the BCP solution at 2000 rpm for 30 seconds, patterns were developed after 
samples were placed in the sample holder (i.e. microwave tube) and then placed in the 
microwave (CEM model). Note that the experimental setup including the microwave 
holder and the microwave synthesizer can be viewed elsewhere.8 Power was set at 300 
W, while ramp rate was set for 3 minutes, and temperature was set to 55°C with THF as 
solvent in the sample holder. Annealing time varied from 15 seconds to 2 minutes. 
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PLA etching methods. Alkaline route 1; A 0.05 M NaOH (60:40, water:methanol) 
solution was prepared at room temperature.  The solution was given sufficient time (~ 15 
minutes) in order to fully dissolve. Microwave annealed PS-b-PLA films were then 
immersed in the solution for a range of time periods. After removal, films were washed 
twice with deionized water/methanol for 5 minutes. Alkaline route 2; NH4OH/Methanol 
(1:2) solution was prepared at room temperature. The same procedure as NaOH approach 
was followed for immersion and washing of the film. Enzymatic route;  The degradation 
solution here composed of 1 mg of Proteinase K dissolved in 5 ml of Tris-HCl buffer 
(pH = 8.6). The solution was placed in an oil bath and left heat to 37 °C. Once the desired 
temperature was reached, and stable for a period of time, the PS-b-PLA films were 
immersed for various times (from 15 minutes to 24 hours). Following degradation, the 
film was removed and washed twice in deionized water for 5 minutes. All films were 
washed as described above and were dried under nitrogen flow to ensure complete 
removal of PLA fragments that were degraded.  
Dry etch tools and recipes. Dry etching of the PS-b-PLA films was performed in an 
Oxford Instruments Plasmatech in RIE mode using a mixture of argon and oxygen gas.  
Flows rates were set at 15 sccm for argon and 10 sccm for oxygen gas. Process pressure 
was 12 mTorr while radio frequency power was 40 W. The value of DC bias was varied 
between 145V – 270V which is a critical parameter by altering process pressure. The DC 
bias variation proved to be a critical parameter for result consistency. This is discussed 
in detail in the results and discussion section. Pattern Transfer; The remaining PS etch 
mask was pattern transferred to the underlying silicon substrate using a combination of 
sulphur hexafluoride (SF6) and trifluoromethane (CHF3) gasses in an STS AOE 
inductively coupled plasma (ICP) etcher.17 The residual PS stripes following the pattern 
transfer were removed by O2 plasma. 
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Characterization. Film Thickness. BCP film thicknesses were measured with a 
spectroscopic ellipsometer “J.A. Woollam Ellipsometer” at a fixed angle of incidence of 
70o, on at least five different places on the sample and was averaged as the film thickness. 
A three layer model (SiO2 + polymer brush + BCP) for total BCP film was used to 
simulate experimental data. Atomic Force Microscopy (AFM). AFM (Park systems, XE-
100) was operated in AC (tapping) mode under ambient conditions using silicon 
microcantilever probe tips with a force constant of 42 N m-1. Topographic and phase 
images were recorded simultaneously. AFM was employed to monitor the progression 
of each etch route and since AFM cannot define the exact depth etched in the PS-b-PLA 
samples, etch values quoted here are nominal. However, the relative magnitude of the 
etch depth observed agreed with cross section SEM measurements and so could be used 
for comparative purposes. Scanning Electron Microscopy (SEM). SEM images were 
obtained by a FEI Helios Nanolab 600i system at an accelerating voltage of 5 kV and at 
a working distance of 4 mm. Cross section SEM images involved cleaving the substrate 
in half and positioning the substrate perpendicular to the incident beam of electrons. The 
stage was then tilted at 20°. Fourier Transform Infrared (FTIR) Spectroscopy. An IR660, 
Varian infrared spectrometer was used to record the FTIR spectra. The FTIR was 
operated in ATR mode. The measurements were performed in the spectral range of 4000-
400 cm-1, with a resolution of 4 cm-1 and data averaged over 32 scans. This 
characterization was carried out to see the effect of the etch routes on degradation of the 
PLA composition.  
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2.4. Results and discussion 
2.4.1 Self-Assembly and Surface Modification.   
Microwave annealing is an emerging technique for inducing microphase separation in 
BCPs in a quick, easy and low cost manner. Buriak and co-workers37 published the 
seminal work illustrating its flexibility for the rapid self-assembly of PS-b-PMMA and 
PS-b-P2VP (polystyrene-block-poly2-vinylpyridine) BCPs. Borah et al. recently 
demonstrated microwave annealing without the use of solvents for self-assembly of PS-
b-PMMA38 and PS-b-PDMS8,38 block copolymer systems. Here solvo-microwave 
annealing was used to generate highly ordered lamellar PS-b-PLA patterns (see 
experimental for details). A fingerprint pattern with a periodicity of 34 nm (Lo) was 
formed (see Figure 2.1a). The solvo-microwave annealed films had a thickness of 200 
nm following self-assembly. The initial self-assembled pattern in Figure 2.1a is the PS-
b-PLA film without any etching and is characteristic of films used for wet and dry etching 
procedures below. Due to the similar surface energies of PS and PLA (γs PS = 42.0 mJ m-
2
, γs PLA = 36.0–41.1 mJ m-2),27 a preference for either block at the polymer/air interface 
does not exist and since a neutral solvent THF (solubility parameters for PS, PLA and 
THF are 18.5 MPa1/2, 18.5 MPa1/2 and 16.8 MPa1/2 respectively)39 was used for annealing, 
perpendicular lamellar patterns were observed. THF was introduced to enable self-
assembly as the polymer chains are mobilized by the solvent vapor during the rapid 
annealing process. Microwave annealing was carried out without solvent but did not 
produce microphase separated patterns. Dewetting is not an issue like other high χ BCP 
materials such as PS-b-PDMS where the large surface energy difference between the 
blocks results in preferential wetting at polymer/substrate and polymer/air interfaces.40,41 
The PS-b-PLA film shows complete surface coverage (See Appendix – Chapter 2, Figure 
S2.7.1). For SEM characterization of the microphase separated structure, staining with 
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RuO4 was used to enhance the domain contrast between PS and PLA. Figure 2.1b shows 
a cross section SEM image of the self-assembled PS-b-PLA pattern where PS domains 
appear bright in comparison to the dark PLA domains. The image provides evidence for 
the extension of the lamellar through the entire film.  
 
Figure 2.1. (a) AFM topography image of microphase separated PS-b-PLA structure on 
UV/ozone cleaned silicon substrate after solvo-microwave annealing for 60 seconds in 
the presence of THF at 55°C. Film thickness was measured at ~ 200 nm. (b) Cross section 
SEM image of the initially microphase separated structure on silicon following staining 
with RuO4. 
 
It should be noted that initial experiments involving exposure of the films to NaOH 
solutions of varying concentration resulted in immediate delamination of the BCP thin 
film after immersion. We believe this is due to the formation of a PLA wetting layer at 
the polymer-substrate interface as shown in Figure 2.2.a. This wetting mechanism has 
been postulated in previous work27 and is probably due to strong polar interactions of 
PLA with the native silicon oxide layer. Thus, degradation of the PLA wetting layer in 
NaOH leads to detachment of the polymer film and delamination. To avoid this problem, 
a PS-OH brush layer was grafted to piranha cleaned Si or SOI substrates using thermal 
annealing enabling better adhesion of the polymer film through the increased PS block 
interaction with the treated surface. Polymer brushes are commonly used to control 
microdomain orientation8,38 but the functionalization used here did not modify the pattern 
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formation significantly and was successful in promoting effective selective etching even 
in harsh conditions. We believe the brush aids layer homogeneity and thus the increased 
PS block interaction with the modified substrate allows wet etching to be carried without 
film delamination. As mentioned, the existence of a PLA wetting layer is speculated due 
to the dramatic loss of film during wet etching. We are unable to determine the existence 
of a thick BCP wetting layer (i.e. PS wetting layer) when the PS-OH brush is used for 
surface functionalization. Since we speculate the absence of a thick PS wetting layer, our 
illustration in Figure 2.2b shows a PS-OH brush modification layer enabling PS-b-PLA 
self-assembly comparable to non-treated substrates, i.e. domains are ordered 
perpendicular to substrate. 
 
Figure 2.2. Graphical representation of interfacial interaction of PS-b-PLA with different 
substrate chemistries, (a) after UV/O3 treatment only and (b) after piranha cleaning plus 
grafting of PS-OH brush. 
 
2.4.2. PLA Degradation with Sodium Hydroxide Route.  
Hillmyer and coworkers have shown that basic hydrolysis is suitable for the removal of 
the PLA block in asymmetric PS-b-PLA systems.23-25,27,28,39,42 Figure 2.3 displays AFM 
and SEM data following the etching of a PS-b-PLA film with 0.05 M NaOH for 5 
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minutes. The solution degraded 6.5 nm on average of PLA from the AFM line profile. 
Figure 2.4 shows  
 
Figure 2.3. (a) AFM topographic image (2x2 µm) after 5 minutes etching with 0.05 M 
sodium hydroxide/methanol solution. Inset shows AFM line profile estimating PLA 
degradation of 6.5 nm. (b) Low resolution top down SEM image of (a). (c) Cross section 
SEM image showing an area that has retained the periodicity (34 nm) of the original 
pattern. (d) Cross section SEM image of a region where PS lines have coalesced. 
 
SEM data of etching PS-b-PLA films with 0.05 M NaOH for 15, 30 and 45 minutes 
respectively. (See corresponding AFM data in Figure S2.7.2). 10 nm of PLA was etched 
on average with 15 minutes treatment (see Figure S2.7.3).  Etching the films for 30 and 
45 minutes resulted in degradation and damage to the film pattern. This suggests that a 5 
to 15 minute treatment period is the optimum process window for the NaOH etch solution 
for degrading PLA.  
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The concentration of the NaOH solution (0.05M) is ten times less than previously 
reported for hexagonal forming PS-b-PLA systems,23,39,42 yet considerable structure 
deformation was observed. Using a 0.5 M NaOH solution and exposure times of 5 
minutes led to complete removal of the pattern formed and this suggests that lamellar 
patterns are more susceptible to pattern destruction during selective removal of PLA. 
This could be due to a number of factors. The hexagonal phase may have greater 
structural integrity due to the honeycomb like structure of PS that remains after removal. 
The crystallinity of PLA is an important factor that can define the etch degradation rate. 
PLA etched in some previous studies43,44 were of a highly crystalline PLLA form 
compared to the amorphous PLA in our system. The PLA here is in the DL isomeric or 
racemic form. The crystalline form is probably less soluble due to the crystalline 
stabilization energy45 and amorphous regions allow water uptake more readily.46 Finally, 
because the films here are relatively thick, the PS fin-like structures may have little 
mechanical robustness and collapse into one another. This merging of features can be 
seen in Figures 2.3, Figure 2.4.a-c and 2.5b and c. Specifically, Figure 2.3c illustrates the 
success of PLA removal whilst retaining the microphase separated periodicity of 34 nm. 
In contrast, some areas as shown in Figure 2.3d reveal merging of the PS fin-like 
structures with a periodicity of 70 nm.  
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Figure 2.4. Top down SEM images of partial PLA degradation using 0.05 M sodium 
hydroxide/methanol solution. (a) 15 minutes immersion (b) 30 minutes immersion (c) 45 
minutes immersion.  
 
2.4.3. PLA Degradation with Ammonium Hydroxide Route.   
Because of the sensitivity of the system to caustic solutions, an alternative alkaline 
solution was sought. In basic aqueous solutions like NaOH solutions described above, 
PLA is vulnerable to main chain cleavage leading to the degradation of PLA and water 
uptake.47 Subsequently, hydrolysis of -C-O- ester bonds occurs.48 Thus, a solution of 
ammonium hydroxide and methanol to reduce the rate of hydrolysis was investigated. 
Figure 2.5 shows top down SEM images of this approach using etch times of 10, 20 and 
30 minutes respectively. (See Figure S2.7.4 for corresponding AFM data).  Excellent 
etch contrast is observed similar to the PS-b-PLA films treated with the NaOH solutions. 
However, isolated regions of pattern collapse are first observed after 20 minutes of 
etchant exposure as shown in Figure 2.5b (note that the inset in b shows varying 
periodicity of the PS fin-like structures as seen above for the NaOH route).  The amount 
of PLA removed after 30 minutes etching with NH4OH solution was estimated to be 15 
nm from AFM line profile (see Figure S2.7.6) suggesting significant PLA removal. The 
top down SEM image in Figure 2.5c confirms coalescence of PS lines and the apparent 
domain size has increased considerably. A contributing factor to this coalescence is the 
high aspect ratio of the polymer films. Since the films are quite thick (~200 nm), they are 
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not mechanically robust enough, and thus with the increased aspect ratio following PLA 
removal the PS lines will collapse into one another. This has also been previously 
demonstrated for thick PS-b-PMMA films during wet etching.49 
 
The loss of the pattern quality on extended etching could be attributed to autocatalysis 
(i.e. product catalysed reaction50). Autocatalysis in PLA is caused by initial hydrolysis 
yielding carboxylic acid terminated chains that subsequently catalyse ester hydrolysis. 
For PDLLA, autocatalysis occurs faster within a PDLLA structure than at the surface48 
and this might account for the delamination observed in the non-brush coated substrates 
as well merging of the PS features rather than simple thinning of the structures. Note that 
little surface etching is observed.   
 
Figure 2.5. Top down SEM images of partial PLA degradation using an ammonium 
hydroxide/methanol solution. (a) 10 minutes immersion (b) 20 minutes immersion (c) 30 
minutes immersion. Inset in (b) shows cross section of film.  
 
An AFM line profile obtained prior to etching shows the PS domains have a width of 23 
nm for self-assembled patterns. However, after a sample was exposed to the NH4OH etch 
for 30 minutes, the domain width doubled to 46 nm, a periodicity consistent with merging 
of two adjacent PS lines as described earlier. 
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2.4.4. PLA Degradation with Enzymatic Route.   
Whilst both alkaline solutions showed promise as PLA etchants, they both showed 
extensive pattern damage at extended periods prior to complete PLA removal. For 
successful use in pattern transfer both complete removal and low damage are pre-
requisites so that low line edge roughness and good aspect ratio are achieved. Thus, an 
alternative methodology of biodegradation was examined. PLA is a polymer that can be 
degraded through the action and metabolism of microorganisms yielding non-toxic 
products.51  Although we have described this method here as enzymatic, it should be 
noted that degradation using Proteinase K combines both enzymatic and chemical 
hydrolysis.52 This enzymatic approach is novel since PLA biodegradation is common in 
food science and biomedicine but has yet to be employed with diblock copolymers.  
Following documented conditions26,53 to mimic a biological environment, we used 
Proteinase K enzyme in a Tris-HCl buffer solution (pH = 8.6) at 37°C. Top down SEM 
images following different exposure times to the enzymatic environment are shown in 
Figure 2.6 (See Figure S2.7.6 for corresponding AFM data). Although the rate of PLA 
removal is significantly less than for the basic hydrolysis etches, the SEM data are of 
high quality consistent with a highly homogeneous etch over the whole of the surface. 
Additionally, after 45 minutes of etching the polymer film retained the characteristic 
fingerprint pattern with little sign of damage (Figure 5c).  FTIR data confirms that at least 
50% of PLA is removed in the bulk film. 
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Figure 2.6.  Top down SEM images of PS-b-PLA samples after immersion in a 
Proteinase K/Tris-HCl buffer (pH=8.6) solution at 37°C for (a) 15 minutes (b) 30 minutes 
(c) 45 minutes. Note SEM image (c) is at a tilt of 45°. 
 
Further enzymatic degradation studies were carried out at extended etch periods. 
Exposing the film for 1 hour to the enzymatic conditions produced good porous templates 
with 5 nm of PLA removed over large areas as shown in Figure 2.7a. Indeed, non-
destructive removal of PLA with Proteinase K could be observed for up to 3 hours when 
extensive damage can be seen as the PLA concentration became very low (see SEM 
images Figure S2.7.8 a-e).   
 
Figure 2.7. (a) AFM topographic image (2x2 µm) after 60 minutes etching with 
Proteinase K/Tris-HCl buffer (pH=8.6) solution at 37°C. Inset shows estimated 5 nm 
etched from AFM line profile.  (b) Cross section SEM image after immersing in 
Proteinase K Tris-HCl buffer solution for 3 hours. 
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The cross section SEM of the sample etched in the Proteinase K solution for 3 hours is 
shown in Figure 2.7b revealing the PS topography after PLA removal. As observed 
previously for extended etching with the alkaline solutions described above, merging of 
the PS structures is seen in isolated areas.  
 
2.4.5. Dry Etch Studies and Route for PLA removal. 
A dry etch process was also optimized to selectively remove an estimated 10 nm of PLA 
as determined from AFM line profiles. In Figure 2.8, AFM images a-c highlight the 
stepwise removal of PLA using a combination of argon and oxygen plasma with a 
reactive ion etcher (see experimental for details). The AFM topographic images are of 
high quality and show little damage over large areas.  
 
Figure 2.8. AFM topographic images (2x2 µm) after the selective removal of PLA using 
a reactive ion etching combination of argon and oxygen gas. Dry etching was carried out 
for (a) 10 seconds, (b) 15 seconds and (c) 20 seconds. (d) – (f) are AFM line profiles of 
etch depth of (a) – 9C). (g) Cross section SEM image of PS-b-PLA film after 20 seconds 
RIE. 
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Figure 2.8d-f shows the corresponding line profiles of AFM images a-c. The resulting 
dry etch structures show a highly selective etch. PLA is etched at a faster rate than PS 
due to the presence of oxygen in PLA. It has been calculated from our experimental 
studies that the etch selectivity for PS-b-PLA is 1:5 (PS:PLA) which is significantly 
greater than that quoted for the PS-b-PMMA system (ranges from 1.5-2.5).54 In 
comparison to the wet etch methodologies carried out here, the dry etch process is 
extremely quick, highly selective and non-destructive to the PS component. The cross 
section SEM image in Figure 2.8g highlights this as a well-defined PS soft mask template 
has been created following RIE for 20 seconds. 
 
Detailed etching experiments on homopolymers (PS and PLA) and diblock copolymer 
(PS-b-PLA) thin films were carried out to understand the removal rates and behavior of 
films following the dry etch procedures. The etch rate of polymers has been demonstrated 
to be related to sputtering factor.55 Since carbon has a small sputtering yield, the etching 
of carbon in a polymeric species will be the slowest and therefore is a rate determining 
step. Etch rate is inversely proportional to the number of carbon atoms. In comparison, 
the number of oxygen atoms in a monomer enhance the etch rate according to the Ohnishi 
parameter determined from equation 1:55 
        
 equation.1 
 is the etch rate,  is the total number of atoms in a monomer unit while  and  are 
the number of carbon and oxygen atoms in a particular monomer unit. Since the number 
of carbon and oxygen atoms in PLA (C3H6O3) are the same, the etch rate of PLA cannot 
be calculated theoretically. PS and PLA homopolymer etch rates have been determined 
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in this work experimentally (See Figure 2.9). Although the etch rate of PS is higher at 
the beginning, the PLA etch rate increases at a later stage (t > 20 s). This higher etch rate 
of PLA is correlated to the presence as well as the amount of oxygen atoms in the 
monomer.  
 
Figure 2.9. The etch rate of PS and PLA homopolymers in RIE at DC bias 145 V. 
Initially PLA shows slower etch rate due to high sputtering yield C=O group, but after 
20 seconds when the C=O bond is broken, PLA is etched faster than PS. 
 
The RIE etch experiment was performed at different DC bias values. DC bias is a 
byproduct of the etch process and usually cannot be changed as a variable parameter. 
However, DC bias which occurs due to the imbalance of ion current and electron current 
is inversely proportional to process pressure . Considering this 
relationship, by varying the process pressure the DC bias can be altered and tuned 
appropriately. The DC bias has been systematically tailored in our work (See Figure 2.10) 
by changing the process pressure. 
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Figure 2.10. Calibration of DC bias via process pressure. Increasing the process pressure 
reduces DC bias. A Good control and monitoring the DC bias is critical for stability and 
consistency of the results in RIE etch process. 
 
At higher DC bias values, the PLA etch rate is higher than PS even when samples are 
etched for short periods. Figure 2.11 shows the PS and PLA rate at DC bias 270 V, where 
PLA is removed faster at all times during the etch. For example at t = 35 s, PLA is 
removed three times faster than PS.  
 
However, our results show the etch selectivity is not independent from DC bias (see 
Figure 2.12). Note that the etch selectivity relationship outlined in this work between PS 
and PLA is the ratio of PLA film removed to the etched PS layer at a given time . 
Depending on DC bias, different trends can be observed from our experimental data (see 
Figure 2.12).  At lower DC bias (145 V) the etch selectivity of PS and PLA increases 
over time, but the increment is not dramatic and the selectivity is 1.7 at its maximum. 
More notably after 25 s (at DC bias 145 V), the etch selectivity remains more or less 
constant.  
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Figure 2.11. PS and PLA homopolymer etch rate at DC bias ~ 270 V. 
 
However at higher DC bias i.e. 270 V, it seems there are two apparent regions. At t < 25 
s, there is no clear trend. This is possibly due to the fact that at higher DC bias, the voltage 
fluctuates a lot at the beginning of RIE etch process, before it settles to the final value. 
This is due to higher imbalance of ions and electrons at the negative cycle of the voltage. 
At lower DC bias, the dispute is less predominant. For instance, in Figure 2.12, at DC 
bias 160 V and t < 25 s, there is a systematic increase in etch selectivity of PS and PLA 
with time. This trend is also seen at DC bias 145 V (i.e. at t < 25 s), but the etch rate is 
slower. More notably, in Figure 2.12 at t > 25 s denoted as region 2, the etch selectivity 
is higher at increased DC bias values, but it remains almost constant or with a very little 
change over time for all different values of DC bias. This evidently shows the effect of 
DC bias on etch selectivity; at shorter times, where the DC bias is fluctuating more 
frequently (region 1 in Figure 2.12) the film removal rate changes with time. At longer 
etch times (region 2), when the DC bias is steady, the polymer films thin at nearly a 
constant rate. However, in region 2, the etch selectivity at any given time is greater for 
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higher values of DC bias. This could be due to the higher resistivity of PS to the etch 
conditions in comparison to PLA.  
 
Figure 2.12. The effect of DC bias on etch selectivity of PS and PLA homopolymers. 
The fluctuation of DC bias at the beginning of RIE etch leads to unstable etch selectivity 
(region 1). The effect is more noticeable for higher values of DC bias (270 V in region 
1). At longer times when the fluctuation is less, the etch selectivity remains mostly 
unchanged at any given DC bias (region 2). However, the etch selectivity is greater at 
higher DC bias values. 
 
Figure 2.13a and b compares the etch rate of PS and PLA as a function of DC bias. PS 
etch rate is very similar at all DC bias values in particular at 145 and 160 V. For instance, 
at t =35 s, increasing the DC bias to 270 V etches the PS film for an extra 10 nm only 
(Figure 2.13a). In contrast, the etch rate of PLA is very sensitive to the DC bias. 
Increasing the DC bias from 145 V to 160 V and to 270 V removes PLA layers much 
more effectively, from 53 nm to 83 nm and 148 nm respectively, almost three times more.  
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Figure 2.13. The effect of DC bias on etch rate. (a) PS and (b) PLA homopolymers at 
DC bias of 145, 260 and 270 V. The effect of DC bias is more pronounced on PLA than 
the PS hompolymer. 
 
Figure 2.14 shows silicon nanowires following pattern transfer using the PS soft mask 
template created from the selective dry etch process (further details are provided in the 
experimental section). The top-down image in Figure 2.14 shows uniform silicon 
nanowires with 16 nm feature size. Furthermore the inset reveals structures with high 
fidelity and a uniform etch. The etch contrast of the original polymer template is low 
(Figure 2.8g) from the dry etch but the resulting nanowires show high uniformity and 
fidelity. However the porous templates created are also ideal for metal oxide inclusion 
or metal evaporation techniques for fabricating a hard mask enabling higher fidelity 
structures to be developed following a pattern transfer process. 
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Figure 2.14. Top down SEM image of silicon nanowires following pattern transfer of 
PS soft mask template. Inset shows cross section SEM revealing uniformity of silicon 
nanostructures. 
 
2.4.6. FTIR studies of etch routes.  
FTIR studies of specific films were made and illustrative data are provided here in Figure 
2.15 for each of the different etch routes. The characteristic PLA peak (C=O) is observed 
at 1758 cm-1.22,56 Other features in agreement with literature57 include the C-H stretch at 
3000 cm-1 from the methyl/methyne groups as well as the bands in the region 1300-950 
cm-1 corresponding to the ester linkage (-CO-O-) but are not shown for the sake of 
brevity. (See Figure S2.7.9).  The main PLA peak (C=O) is completely absent from the 
film that was immersed in the NaOH solution for 45 minutes and therefore the majority 
of PLA had been removed leaving a topographical PS pattern. 
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Figure 2.15. FTIR spectrum showing different etch routes. (a) PS-b-PLA film after 
microphase separation and prior to etching (black line), (b) following 60 minutes 
immersion with enzymatic approach (green), (c) 30 minutes exposure with ammonium 
hydroxide solution (blue),  (d) 20 seconds etching with argon/oxygen RIE combination 
(orange) and (e) 45 minutes immersion in 0.05 M sodium hydroxide solution (red). 
 
A similar result was found for the PS-b-PLA sample that had been dry etched for 20 
seconds, although the reduced PLA peak suggests the existence of residual PLA material. 
In comparison, the 30 minute NH4OH/methanol route indicates significant PLA 
retention. As might be expected, Proteinase K removes PLA at a slower rate due to the 
associated non-aggressive nature of a biological species and is reflected in the spectrum 
showing the most retention of PLA of all the etch techniques.  The data in the spectrum 
is from the film that had been treated with the enzymatic buffer solution for 1 hour that 
shows only partial PLA removal. 
 
2.5. Conclusions 
Symmetric PS-b-PLA can form well-ordered microphase separated structures on silicon 
or SOI substrates under solvo-microwave annealing.  Rather unexpectantly, even quite 
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thick films of 200 nm form vertical lamellae despite the modified substrate interfaces 
favoring either PLA or PS interactions. These lamellae structures can provide robust 
structures as lithographic masks or porous templates if the PLA component can be readily 
removed.  Sodium hydroxide, ammonium hydroxide and Proteinase K can all be used to 
form regular topographical PS patterns. These methods are also environmentally 
friendly. FTIR data confirmed that the NaOH and NH4OH routes removed PLA to a 
greater degree than the Proteniase K approach. NaOH is the most rapid of the wet etches 
and Proteinase K the slowest but overall Proteinase K produces less damage. It appears 
that autocatalytic decomposition is the cause of the greater damage in the base catalyzed 
etches. Crystallinity is also an issue and the PLA form and its’ crystallinity will need to 
be considered when choosing an appropriate treatment so as to optimize the removal of 
PLA. All wet etches show very high etch selectivity. SEM evidence reveals PLA removal 
greater than 50 nm for each route following treatment for a short time period. Thinner 
films will be studied in the future for the wet etches in order to avoid line collapse which 
was a possible contributing factor to the loss of pattern quality. Because of the local 
variations in the thick polymer films in this work, the patterns produced are 
inhomogeneous. The wet etch methods are not comparable to the pattern quality achieved 
using the dry etch (RIE) which show excellent homogeneity. Very little damage can be 
seen with this anisotropic etch and this is probably due to the obvious lack of any 
autocatalytic effects. The etch selectivity of PS and PLA homopolymer  is greatly 
affected by DC bias during RIE plasma process. We have demonstrated   can 
change from 1.7 to 3 in the range of 145- 270 V DC bias. PS is more resistant to DC bias 
due to the lack of oxygen atoms in its structure. In comparison, PLA is etched faster due 
to the presence of oxygen. However, at lower DC bias it takes longer to break C=O bond 
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in PLA which has a high sputtering yield. At higher DC bias when the C=O bond is 
broken easier PLA etch rate accelerate while PS etch rate does not show the same 
dramatic effect. This is the main reason for variation in etch selectivity between PS and 
PLA homopolymers. By calibrating the DC bias via process pressure, we have optimized 
the etch condition for PS-b-PLA. The dry etch is probably more consistent with 
producing lithographic processes but the wet etch methods might be more likely to be 
used for technologies such as membrane fabrication, low cost sensor manufacture or 
polymeric bio-scaffolds requiring large area substrate production at low capital and 
operating costs.  
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2.7. Appendix – Chapter 2 
Selective Etching of Polylactic Acid in Poly(styrene)-block-poly(D,L)lactide Diblock 
Copolymer for Nanoscale Patterning 
 
 
 
Figure S2.7.1. Optical image of PS-b-PLA film surface after solvo-microwave annealing 
showing high surface coverage. 
 
 
        
Figure S2.7.2. AFM topographic images (2x2 µm) of partial PLA degradation using 0.05 
M sodium hydroxide/methanol solution. (a) 15 minutes immersion (b) 30 minutes 
immersion (c) 45 minutes immersion. 
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Figure S2.7.3. AFM line profile after 15 minutes etching in 0.05 M NaOH solution, 
estimated 10 nm PLA etched. 
 
 
 
 
         
Figure S2.7.4. AFM topographic images (2x2 µm) of partial PLA degradation using an 
ammonium hydroxide/methanol solution. (a) 10 minutes immersion (b) 20 minutes 
immersion (c) 30 minutes immersion.  
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Figure S2.7.5. AFM line profile after 30 minutes etching in ammonium hydroxide 
solution, estimated 15 nm PLA etched. 
 
         
    
Figure S2.7.6. AFM topographic images (2x2 µm) of partial PLA degradation using a 
Proteinase K/Tris-HCl buffer (pH=8.6) solution at 37°C. (a) 15 minutes immersion (b) 
30 minutes immersion (c) 45 minutes immersion. 
 
 
Figure S2.7.7. AFM line profile after 45 minutes etching in Proteinase K solution, 
estimated 3 nm PLA etched. 
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Figure S2.7.8. SEM images of extended enzyme etching with Proteinase K for (a) 3 
hours, (b) (b) 6 hours, (c) 12 hours, (d) 18 hours and (e) 24 hours. 
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Figure S2.7.9. FTIR spectrum between 3500 cm-1 to 500 cm-1 showing characteristic PLA 
peaks. This is the complete FTIR spectrum of line a from Figure 2.15. showing the 
characteristic peaks in PS-b-PDLLA film. Note that this spectrum is of a self-assembled PS-
b-PLA pattern and is without any etching. 
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4.1. Abstract 
Block copolymers (BCPs) are seen as a possible cost effective complementary technique 
to traditional lithography currently used in the semiconductor industry. This 
unconventional approach has received increased attention in recent years as a process 
capable of facilitating the ever decreasing device size demanded. Control over 
microdomain orientation and enhancing long range order are key aspects for the utility 
of BCPs for future lithographic purposes. This chapter provides an efficient route for the 
fabrication of highly ordered nanostructures suitable for such application. We investigate 
the significant effect of surface treatment regarding the self-assembly process of 
polystyrene-block-poly(4-vinylpyridine) (PS-b-P4VP) by employing an ethylene glycol 
layer, producing well defined perpendicular P4VP cylinders with long range order over 
large surface areas. Nanopores are generated through surface reconstruction using a 
preferential solvent, which allows for the incorporation of an inorganic moiety. 
Treatment of this pattern with UV/Ozone leads to formation of well-ordered iron oxide 
nanodots with a pitch of ~26 nm. Furthermore, high aspect ratio silicon nanopillars result 
following pattern transfer. 
  
4.2. Introduction 
In an effort to enable the desired feature size of future electronics, block copolymers 
(BCPs) have been the focus of intense research for the past decade, as outlined in 
numerous reviews.1-6 BCPs now offer a promising alternative to the traditional “top-
down” fabrication methods due to their processing advantages as well as from an 
economic standpoint. Owing to diffraction limits, issues with lithography methods have 
been well documented, as the semiconductor industry now seek a robust high throughput 
approach. The flexibility offered through the self-assembly of BCPs make these materials 
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ideal candidates for a wide range of applications and are not solely limited to lithography. 
However, paramount to their success in the electronics field is to produce high quality 
structures with long range order which possess few defects after pattern transfer.7,8 BCPs 
consist of two monomer components that differ both physically and chemically and when  
microphase separated give rise to fascinating architectures. One such useful morphology 
is hexagonally packed cylinders, whereby when the minority block is removed or swollen 
creates nanopores which can be utilized for the deposition of metal nanoparticles (NPs). 
Smaller domain dimensions can be produced by lowering the molecular weight of the 
constituent BCP components and these tunable characteristics highlight the importance 
of BCPs in the future allowing for the development of ultra-high density storage media. 
 
Dewetting is a major problem encountered with BCPs which prevents pattern formation, 
limits correlation length and leads to defects. Altering surface energies plays a significant 
role in controlling both wetting layer and morphologies of BCPs.9-11  Polystyrene-block-
polymethylmethacrylate (PS-b-PMMA) has been one of the most intensely studied BCPs 
to date, and various methodologies have been employed to control self-assembly. In 
asymmetric PS-b-PMMA, where PMMA is the minority block, the PMMA block has a 
preferential interaction with the oxide layers on the silicon substrate, and thus leads to in 
plane cylinders. To overcome this, the generation of cylinders normal to the surface has 
been allowed through the use of random copolymer brushes to “neutralize” the 
surface,12,13 as well as PS-OH brushes to modify surface energy of the silicon substrate.14 
Recently, Kim et al have implemented a similar methodology by adding PS-OH 
homopolymer to a BCP (polystyrene-block-polyethyleneoxide (PS-b-PEO) solution 
resulting in highly ordered microdomains with a reduced process time in comparison to 
long annealing periods required for usual substrate chemistry modifications.15 With 
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regard to polystyrene-block-poly(4-vinylpyridine) (PS-b-P4VP), control over 
microdomain orientation has previously been demonstrated by hydrogen bonding small 
molecules such as 3-Pentadecylpehnol (PDP), 2-(4′-Hydroxybenzeneazo)benzoic acid 
(HABA) and 1-Pyrenbutyric acid (PBA) to P4VP.16-20 These routes typically take a 
number of days for hydrogen bonding to successfully take place, adding to the 
complexity of the overall process. A fundamental challenge for BCPs applicability for 
integrated circuit integration is the successful transfer of the resulting pattern from the 
microphase separated BCP to the underlying substrate. To ensure that the pattern is 
transferred properly etch contrast is required. This can be done by wet etching the BCP, 
so the minority block is removed or through surface reconstruction whereby nanopores 
are also produced after exposure to a preferential solvent that induces swelling. 
Alternatively, plasma assisted etching [reactive ion etching (RIE) or inductively coupled 
plasma (ICP)], also known as dry etching, is a powerful tool for the selective etch of a 
minor component and etch directionality leads to ideal templates for pattern transfer as 
detailed in recent etch studies by Borah et al.21,22 
 
To generate highly ordered silicon nanostructures with few defects a hard mask (such as 
Fe2O3) can also be employed, fabricated using the minority block removal/swelling 
previously detailed and then  followed by the addition of a metal complex. Surface 
reconstruction has been demonstrated in PS-b-P4VP systems using a preferential solvent 
like ethanol,23,24 and has been reported in PS-b-PMMA BCPs using acetic acid.25 The 
resulting nanopores allow for the deposition of various particles with wide ranging 
functions. With PS-b-P4VP, NP inclusion can be done either by depositing the NPs after 
the self-assembly process or inclusion of the desired ratio of NP to the diblock copolymer 
solution before spin coating. For example, well-ordered micelle and cylindrical 
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microdomains have been reported in PS-b-P4VP BCPs for metal inclusion to fabricate 
arrays of iron nanocatalyts,26  copper nanocatalyts,27 titania NPs,28 and iron platinum 
NPs.29 
 
This chapter describes a simple surface modification method (having a short processing 
time, ~ 1 hour) - using a silicon oxide surface functionalized with an ethylene glycol 
layer and detail its subsequent effects for controlling the self-assembly process in 
asymmetric PS-b-P4VP as well as increasing surface coverage of the resulting 
morphology through solvent annealing. This increased surface coverage have beneficial 
implications for transistor devices but also for other electronic devices such as passive 
on-chip capacitors whose storage capacity is dependent on area.30 Our investigation also 
highlights the role that temperature has in producing highly oriented and well-ordered 
patterns. Using the surface reconstruction strategy which created a nanoporous template 
we deposited an iron nitrate ethanol solution that was immediately followed by 
UV/Ozone exposure to remove the polymer matrix surrounding the nanodot array. 
Significantly we have shown that this BCP system with a hard mask led to a greater depth 
profile following pattern transfer. 
 
4.3. Experimental 
Materials. Planar substrates used were highly polished single-crystal silicon <100> 
wafers (p- type) with a native oxide layer of ~ 2 nm. No attempt was taken to remove the 
native oxide of a few nm depths. Polystyrene-block-Poly(4-vinylpyridine) was purchased 
from Polymer Source, Inc., Canada, with a molecular weight of Mn = 33.5 kg mol−1 
(MnPS = 24 kg mol−1; MnP4VP = 9.5 kg mol−1, fPS = 0.70), a polydispersity (Mw/Mn) of 
1.10 (where, Mn and Mw are number average and weight average molecular weights) 
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and was used without further purification. Iron (III) nitrate nonahydrate 
(Fe2(NO3)3.9H2O), ethylene glycol (EG, CH2(OH)CH2(OH), 95.0%), toluene (99.8%, 
anhydrous), tetrahydrofuran (THF) (99.8%, anhydrous), ethanol (dehydrated, 200 proof), 
acetone (99.0%, anhydrous), iso-propanol (IPA) (99.0%, anhydrous), sulphuric acid 
(98.0%) and hydrogen peroxide (30.0%) were purchased from Sigma-Aldrich and used 
without further purification unless otherwise stated. De-ionized (DI) water was used 
wherever necessary. 
Substrate Cleaning, Activation and Modification with EG. Substrates were cut into 
2.0 cm2 pieces and then degreased by ultrasonication in acetone and IPA solutions for 5 
minutes each, dried in flowing N2 gas and baked for 2 minutes at 120°C in an ambient 
atmosphere to remove any residual IPA. This was followed by cleaning in a piranha 
solution (1:3 v/v 30% H2O2:H2SO4) (CAUTION! May cause explosion in contact with 
organic material!) at 100°C for 60 min, rinsed with DI water (resistivity ≥ 18 MΩ/cm) 
several times, acetone, ethanol and dried under N2 flow. Piranha activation removes any 
organic contaminant, greases and creates hydroxyl groups on the silicon substrates. 
Solution of ethylene glycol (EG) 5 % (v/v) was prepared in ethanol and was stirred at 
room temperature (~ 23°C) for 2 hours to ensure complete mixing. The hydroxylated 
substrates (by piranha solution as mentioned above) were immediately coated with 
ethylene glycol by spin-coating (P6700 Series Spin-coater, Speciality Coating Systems, 
Inc., USA) at 1000 rpm for 30 s. Samples were air dried at room temperature (~ 23 °C) 
for 30 minutes, washed with absolute ethanol and then dried under a stream of nitrogen. 
Films survived repeated rinses in ethanol as observed by XPS and FTIR. 
BCP Film Preparation and Solvent Anneal. The polymer was dissolved in a toluene: 
THF (80: 20) mixture to yield 0.5 wt. % solution and left stirring for 12 hours to ensure 
complete dissolution. BCP films were prepared by spin coating the polymer solution onto 
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the substrates at 3000 rpm for 30 seconds. Following deposition, the PS-b-P4VP 
generated thin films were exposed to a saturated THF environment at different 
temperatures viz., 40 °C, 50 °C and 60 °C. Solvent annealing was carried out in the 
conventional manner with a small vial containing 8-10 ml of annealing solvent placed 
inside a glass jar (150 ml) with BCP sample for different time periods. Samples were 
removed from the glass jars after the desired anneal time and allowed to evaporate the 
trapped solvent at ambient conditions. 
BCP Film Reconstruction with Ethanol. Surface reconstruction was carried out by 
immersing the solvent annealed thin film in ethanol for 20 minutes. After this immersion 
period, the sample was removed and dried under nitrogen flow. This provided enough 
time for swelling of the P4VP domains to enable reconstruction of a nanoporous film for 
subsequent deposition of iron nitrate solution. 
Iron Oxide Nanopattern Development. Fe2(NO3)3.9H2O solution of 0.3 wt.% was 
prepared in ethanol and spin-coated onto the ethanol reconstructed film at 3000 rpm for 
30 seconds. UV/Ozone treatment was used to oxidize the precursor and remove polymer. 
Samples were UV/Ozone treated in a UV/Ozone system (PSD Pro Series Digital UV 
Ozone System; Novascan Technologies, Inc., USA). The UV source is two low-pressure 
mercury vapor grid lamps. Both lamps have an output current of 0.8-0.95 A and power 
of 65-100 W, as reported by the manufacturer, and have strong emissions at both 
wavelengths of UV radiation (184.9 nm and 253.7 nm). Samples were placed at a 
distance of about 4 mm from the UV source and exposed to UV irradiation. The system 
produces highly reactive ozone gas from oxygen that is present within the chamber. 
Samples were exposed to UV/Ozone for 3 hours to oxidize the inorganic precursor and 
remove the PS template. The inorganic nanostructure was further calcined in a muffle 
furnace (EFL 11/14B CARBOLITE) at 800 °C for 1 hour to verify the thermal stability. 
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Pattern Transfer by Plasma Etching. The FeOxide(s) nanodots fabricated from the 
BCP template were used as an etch mask for pattern transfer. The silicon etch was 
performed using CHF3 (80 sccm) and SF6 (15 sccm) gases for 12 seconds with an 
inductively coupled plasma (ICP) and reactive ion etching (RIE) powers of 1200 W and 
30 W, respectively, at 2.0 Pa with a helium backside cooling pressure of 1.3 kPa to 
transfer the patterns into the underlying substrate. The etching process was accomplished 
in an OIPT Plasmalab System100 ICP180 etch tool. 
Characterization. Static contact angles (θa) of deionized water was measured at 
ambient temperature using a Data Physics Contact Angle (model: OCA15) goniometer. 
Contact angles were measured on the opposite edges of at least five drops and averaged. 
The values were reproducible to within 1.5°. BCP film thicknesses were measured with 
a spectroscopic ellipsometer “Plasmos SD2000 Ellipsometer” at a fixed angle of 
incidence of 70°, on at least five different places on the sample and was reported as the 
film thickness result. A two layer model (SiO2 + EG) for EG modified surface and a three 
layer model (SiO2 + EG + BCP) for total BCP films were used to simulate experimental 
data. An IR660, Varian infrared spectrometer was used to record the FTIR spectra. The 
measurements were performed in the spectral range of 4000-500 cm-1, with a resolution 
of 4 cm-1 and data averaged over 32 scans. X-ray Photoelectron Spectroscopy (XPS) was 
performed on Vacuum Science Workshop CLASS100 high performance hemispherical 
analyser using Al Kα (hν = 1486.6 eV) mono X-ray source. Spectra were obtained at a 
take-off angle of 15°. Samples were loaded into the vacuum chamber within 1 hour after 
being prepared and were subjected to XPS analysis. Photoemission peak positions were 
corrected to C 1s at a binding energy of 284.8 eV. GISAXS and reflectometry data were 
obtained from beamline I07 at Diamond Light Source Ltd (Didcot, Oxfordshire, U.K.). 
GISAXS flight tube (purpose built) and Pilatus 2M detector were used for GISAXS 
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measurements. Atomic Force Microscope (SPM, Park systems, XE-100) was operated 
in AC (tapping) mode under ambient conditions using silicon microcantilever probe tips 
with a constant of 42 N m-1 and a scanning force of 0.11 nN. Topographic and phase 
images were recorded simultaneously. SEM images were obtained by a high resolution 
(< 1 nm) Field Emission Zeiss Ultra Plus-SEM with a Gemini® column operating at an 
accelerating voltage of 5 kV. EDX data and images were obtained using Helios Nanolab 
DB FIB using HAADF detector in STEM mode. The TEM lamella specimen were 
prepared by the Helios NanoLab DB FIB and were analysed by JEOL 2100 high 
resolution transmission electron microscope operating at an accelerating voltage of 
200kV. 
 
Figure 4.1. Details of the process flow of BCP self-assembly on silicon substrates 
functionalized with EG, film reconstruction with ethanol, iron oxide hard mask 
fabrication and subsequent plasma etching to fabricate silicon nanopillars. 
 
4.4. Results and Discussion 
4.4.1. Molecular Functionalization with EG 
For successful BCP integration in next generation electronics novel approaches are 
required both for control of self-assembly and for reducing present defect formation 
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densities.  Figure 4.1. details the silicon substrate cleaning, modification with EG and the 
BCP microphase separation steps. The hydrophilic nature of this EG coated film enables 
the perpendicular orientation of P4VP hexagonally packed cylinders owing to the 
preferential interaction with P4VP block in PS-b-P4VP. This alteration in substrate 
surface chemistry aids the self-assembly in forming patterns with a high degree of order 
that is absent from non-modified silicon substrates (see below). 
 
Prior to BCP film formation, the EG functionalized surface was fully characterized by 
AFM imaging, contact angle measurement, film thickness by ellipsometry, FTIR, and 
XPS. The AFM scan of the EG treated surface is presented in Figure 4.2a and reveals a 
fairly uniform surface with occasional particulate contamination which is however, not 
seen after BCP deposition (see below). We believe this is multi-layer formation due to 
strong hydroxyl bonding between EG molecules. We suggest that the multi-layers are re-
dissolved in the BCP casting solution but are not re-deposited because of excellent 
coverage of the BCP on the molecular layer. These observations support the hypothesis 
of uniform surface functionalization. The attachment of EG at the substrate surface had 
a marked effect on the water contact angle of the surface. The contact angle of the piranha 
treated surfaces was measured at ~ 27°. The static water contact angle of EG modified 
silicon substrate was found to be 36°, thus portraying the hydrophilic nature of the EG 
monolayers. We further characterized the EG functionalized surface using ellipsometery 
and the thickness was measured 1.72 nm. It should be stressed that this technique cannot 
be used to predict the film density and as such EG coverage, but gives evidence of the 
functionalization process. 
Chapter 4: Self-Assembly of PS-b-P4VP Block Copolymer on Molecularly Functionalized Silicon 
Substrates: Fabrication of Inorganic Nanostructured Etchmask for Lithographic Use 2015 
 
146 
 
 
Figure 4.2. AFM topography image (2-D) (a), FTIR spectrum (b) and XPS spectrum (c) 
of EG functionalized silicon substrate. 
 
The FTIR spectrum of EG functionalized surface presented in Figure 4.2b shows a very 
broad, intense OH valence vibration band near 2600 cm-1. All of the OH deformational 
and skeletal bands are slightly shifted to lower wavelength region compared to the liquid 
phase EG bands and these shifts are consistent with grafting of EG-OH onto the silicon 
substrate via hydrogen bonding. Besides the simple stretching vibrational mode, two 
additional deformational vibrational modes are readily observed in the spectra at 1420 
cm-1 and 723 cm-1. The assignment of the skeletal valance and CH2 deformation 
vibrations in EG is not facile but comparison to simple molecular hydrocarbon molecules 
can be useful.31 Thus, from Figure 4.2b, the peaks due to CH2 deformation are observed 
are 2942 cm-1 (νCH2), 1420 cm-1 (δCH2), 1326 cm-1 (γCH2), 1268 cm-1 (τCH2) and 923 
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cm-1 (ρCH2). The peak at 1420 cm-1 is overlapped with the hydroxyl deformation peak 
assigned above. The two skeletal valance vibrations in EG can be assigned to peaks at 
854 cm-1 and 1097 cm-1, respectively, of which the lower frequency probably has more 
C-C character and the other more C-O character. Two other features at 530 cm-1 and 603 
cm-1 can be assigned O-C-C and O-C-C-O vibrational modes, respectively. All of the 
features are consistent with EG attachment to the surface. The EG functionalized silicon 
substrate was further assessed using XPS analysis and data are presented in Figure 4.2c. 
Well-resolved C 1s (284.9 eV), O 1s (533.0 eV) and Si 2p (98.5 eV) features are readily 
observed (note these values are charge corrected values so the Si 2p peak is observed at 
98.5 eV consistent with other studies of silicon wafers). The C 1s feature is consistent 
with adsorbed features such as adsorbed ethanol.32 The O 1s is similar to that expected 
of hydroxyl species in the presence of strong hydrogen bonding.32,33 
 
As detailed above, the silicon substrate with a thin native oxide layer was piranha 
activated prior to EG deposition. Piranha activation results in the formation of surface 
OH groups as can be seen from the very low water contact angle (27°) on the substrate 
surface. EG solution in ethanol was spin-coated on the activated surface and exposed in 
ambient conditions at room temperature (~ 23 °C) prior to use. Since the sample was not 
annealed, it is highly unlikely that condensation reactions between the silanol-OH and 
EG-OH groups occurred. Instead, it appears that the EG molecules were attached to the 
substrate surface through hydrogen bonding as suggested by XPS and FTIR. The rather 
low water contact angle suggests that only one hydroxyl group is used to bond to the 
surface with the second hydroxyl group available for surface reaction. The availability 
of one of the OH groups is consistent with the areas of multilayer formation seen in the 
AFM analysis. It should be noted that the assignment of hydrogen bonding mechanism 
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rather than a condensation reaction of EG-OH groups and surface silanol-OH groups is 
only partly supported by the XPS, FTIR and contact angle measurements and detailed 
work may be required.  However, we do think this is a valid mechanism as although the 
EG is strongly bound enough to resist removal during ethanol washes (and subsequent 
film deposition), however; all traces of EG are lost upon heating to temperatures above 
100 ºC in vacuum. 
 
4.4.2. BCP Self-assembly on Functionalized Surface 
By tailoring the surface energy through this simple surface chemistry modification we 
have developed highly oriented stable microdomains with reduced defect densities as 
evidenced from the topographic image shown in Figure 4.3-4.6. The periodicity of these 
domains is 26 nm (cylinder diameter = 20 nm). Thin films of PS-b-P4VP (24k-9.5k) were 
generated after spin coating from a 0.5 wt.% BCP solution in toluene/THF mixture (see 
experimental for further details) onto the EG treated silicon substrate and solvent 
annealed in a THF atmosphere at 50 °C. Park et al.34-36 as well as Shin et al.37 have 
demonstrated the effectiveness of developing BCP templates from a mixed solvent 
environment with asymmetric PS-b-P4VP. In some cases even after spin coating ordered 
morphologies were obtained, which were improved upon solvent annealing (see 
Appendix – Chapter 4, Figure S4.7.1). In this study, THF which is a slightly PS selective 
solvent was used for annealing thin films. The ability of THF to greatly improve lateral 
ordering has previously been discussed.38 
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Figure 4.3. AFM topography images of PS-b-P4VP thin films on toluene cleaned bulk 
silicon substrates (a -2 hours, b - 4 hours, c - 6 hours) and EG treated substrates (d - 2 
hours, e - 4 hours, f - 6 hours) annealed in THF atmosphere at ~ 17 °C (room 
temperature). FFT patterns inset show the difference in the degree of order. 
 
Although most hexagonal forming PS-b-P4VP systems that have been studied are 
annealed at room temperature (~20 °C) in a nitrogen atmosphere, this produced a 
combination of mostly poorly ordered perpendicular and parallel cylinders with 
macroscale dewetting as well as defects in phase separated areas irrespective of the 
anneal conditions considered (Figure 4.3). Instead a range of temperatures were 
investigated to yield the most ordered morphology and increasing the temperature 
provides sufficient driving force for microphase separation to take place forming ordered 
patterns that is not evident at lower temperatures. 
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Figure 4.4. AFM topography images of PS-b-P4VP thin films on toluene cleaned bulk 
silicon substrates (a - 2 hours, b – 4 hours, c – 6 hours) and EG treated substrates (d – 2 
hours, e – 4 hours, f – 6 hours) annealed in THF atmosphere at 40 °C. FFT patterns inset 
show the difference in the degree of order. 
 
Both toluene cleaned and EG treated substrates showed evidence of both parallel and 
perpendicular cylinders at different stages of the annealing process. A study of the 
evolution of morphology of PS-b-P4VP was examined over 2, 4 and 6 hour periods at 40 
°C, 50 °C and 60 °C in a THF atmosphere. Annealing carried out at 40 °C on toluene 
cleaned substrates is shown in Figure 4.4a-c. Well-developed microdomains were 
produced after 2 hours annealing, however; surface coverage was poor in comparison to 
the microdomains produced on EG functionalized substrates at 40 °C. All AFM images 
for EG samples taken at 40 °C show highly ordered domains as represented by the FFT 
inset in Figure 4.4d-f. Samples annealed for 6 hours at 50 °C gave highly uniform films 
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with high surface coverage and ordered arrays (See Appendix Figure S4.7.2). However, 
it should be noted that the processing window for these film characteristics are not limited 
to one specific time and temperature for EG samples. Furthermore, it was found that 
those films annealed for this time period did not exhibit both perpendicular and parallel 
cylindrical orientation. Figure 4.5c shows the resulting pattern from a PS-b-P4VP film 
on toluene only cleaned substrates annealed at 50 °C for 6 hours. The corresponding BCP 
film on an EG treated sample annealed for 6 hours at 50 °C gave the best ordered 
perpendicular microdomain orientation. Furthermore, it was found that those films 
annealed for this time period did not show any mixed cylindrical orientation.  This 
comparison illustrates the ability that EG has to wet the substrate sufficiently resulting 
in enhanced surface coverage (See Figure S4.7.2). Films which were annealed in the 
same solvent annealing condition but at an elevated temperature of 60 °C are shown in 
Figure 4.6a-f. With the elevated temperature and longer annealing periods (especially 4 
and 6 hours) good perpendicular domains were developed. With regard to toluene 
cleaned substrates only, all annealing temperatures showed macroscale dewetting as well 
as defects. It was generally observed that discrete holes formed in the non-EG treated 
substrate surface, a phenomenon associated with thin film destabilization by 
intermolecular forces. 
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Figure 4.5. AFM topography images of PS-b-P4VP thin films on toluene cleaned bulk 
silicon substrates (a – 2 hours, b – 4 hours, c – 6 hours) and EG treated substrates (d – 2 
hours, e – 4 hours, f – 6 hours) annealed in THF atmosphere at 50 °C. FFT patterns inset 
show the difference in the degree of order. 
 
Since hole growth in thin films is significantly influenced by both interfacial and 
hydrodynamic forces we believe the toluene only cleaned substrates produce more 
defects and hole growth due to these intermolecular forces with a bare silicon surface in 
comparison to substrates that were chemically functionalized with EG.39 Also both a 
mixture of perpendicular and parallel cylinders has yet to be shown in asymmetric PS-b-
P4VP when annealed in a THF atmosphere. We employed THF only but THF/Toluene 
(80:20) was also studied and produced the same results. This work shows how the 
patterns are not thermodynamically stable as the structure can change between all 
perpendicular cylinders and a mixture of both perpendicular and parallel cylinders. We 
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suggest that this mixed orientation results from a swelling/deswelling process as 
described by Mokarian et al. for PS-b-PEO systems.40 Our observation for this PS-b-
P4VP system does not show time or structural fluctuations as dramatic as the PS-b-PEO 
system mentioned but show similarities that suggest a film thinning effect also occurring 
and therefore, the release of excess solvent causes a brief rearrangement of cylinders. So, 
in summary, we found that 6 hours of annealing in a THF atmosphere at 50 °C gave the 
most consistent pattern that could be utilized for our intended purpose. 
 
The solubility of the BCP blocks in a particular solvent and the rate of solvent 
evaporation causes the microphase separation as well as orientation of the microdomains. 
Solvent swelling of a BCP film to a solvent vapor results in swelling the BCP film with 
solvent vapors and confers enough mobility for the BCP to reorganize. The miscibility 
between a polymer and a solvent is governed by the polymer (P)-solvent (S) interaction 
parameter χP-S.41 The selectivity of THF for the PS-b-P4VP BCP can be defined by the 
expression, χ = Vs (δs - δp)2/RT + 0.34,42  where Vs is the molar volume of the solvent, 
R is the gas constant, T is the temperature, and δS and δp are the solubility parameters for  
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Figure 4.6. AFM topography images of PS-b-P4VP thin films on toluene cleaned bulk 
silicon substrates (a – 2 hours, b – 4 hours, c – 6 hours) and EG treated substrates (d – 2 
hours, e – 4 hours, f – 6 hours) annealed in THF atmosphere at 60 °C. FFT patterns inset 
show the difference in the degree of order. 
 
solvent and polymer, respectively. From literature, Vs for THF is 81.7 cm3, δs for PS, 
PVP, and THF are 18.6, 22.2, and 16.8 (MPa)1/2, respectively.43  Data calculated at 
various temperatures are presented in Table 1. Considering the Flory-Huggins criterion 
for complete solvent-polymer miscibility, i.e., χP-S < 0.5, it appears that THF is a good 
solvent for PS and a poor solvent for PVP at the four temperatures (Table 1). There are 
minor variations in the values of χPS-THF and χPVP-THF, both of which slightly decreases 
with an increase in temperature and infers a decrease in the degree of immiscibility of 
the polymer with the solvent. It should be noted that the mechanism(s) of solvent swelling 
is not well understood. Peng et al.,44 while studying solvent annealing of PS-b-PMMA 
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in acetone vapor at room temperature observed the vapor molecules attract the PMMA 
block toward the surface of the film. The effect of selectivity and evaporation rate of 
solvents on morphology change in PS-b-P4VP films was studied by Park et al.45 and 
observed a morphology change from a dimple type to cylindrical microdomains oriented 
perpendicular to surface with increasing THF concentration or as the solvent became less 
selective for PS. In the present investigation, we believe the substrate interaction of P4VP 
with ethylene glycol along with the solvent annealing conditions (i.e. solvent and 
temperature used) thereby draw the PVP block to the surface through the PS-rich layer. 
 
Table 1 Polymer (P)-Solvent (S) interaction parameters (χP-S) 
Temperature 
/oC 
χP-S 
χPS-THF χP4VP-THF 
17 0.450 1.328 
40 0.442 1.255 
50 0.439 1.227 
60 0.436 1.201 
 
4.4.3. BCP Film Reconstruction with Ethanol 
Surface reconstruction was performed on the solvent annealed sample to facilitate the 
incorporation of metal nanoparticles. This is possible through the use of a solvent which 
is non-selective for the majority block, PS in this work, but highly selective for the minor 
block, P4VP. Samples were immersed for 20 minutes in ethanol and were then dried 
under nitrogen flow. The process leaves the pattern unchanged but yields a useful highly 
ordered nanoporous film since P4VP is drawn to the surface as seen in Figure 4.7a. Figure 
4.7b shows a cross-section SEM image (tilt 20°) of the surface reconstructed film 
revealing well-defined nanopores. The TEM cross-sections in Figure 4.7c clearly show 
that the nanopores are limited to the surface and resides on a thick (20 nm) PS matrix. 
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Figure 4.7. Top-down (a) and 20° tilted (b) SEM images of surface reconstructed PS-b-
P4VP film (see experimental section for details).  Corresponding FFT pattern inset (a) 
shows the high degree of order. (c) Cross-section TEM image of nanoporous template 
(inset a low-resolution cross-section TEM image). 
 
 
4.4.4. Iron Oxide(s) Hard Mask Fabrication by Inclusion Technique 
Following surface reconstruction, the spin coating of a low concentration (0.3 wt. %) 
iron nitrate solution in ethanol was carried out to fill the nanoporous structure. To prevent 
overloading of the pores, a low concentration of metal nitrate solution was employed. 
Metal deposition from nitrate solutions is a straight forward process as recently outlined 
in work by Ghoshal et al.46,47 However, in the fabrication of a hardmask it is vital that 
overloading of the pores is avoided, as it will affect the pattern transfer process afterwards 
whereby excess iron oxide(s) will be formed on the PS matrix leading to non-uniform 
etching of the underlying silicon substrate. 
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Post iron nitrate deposition, UV/Ozone treatment was carried out for a 3 hour period 
which led to the formation of oxide(s) nanodot material and allowed for the removal of 
the organic polymer matrix. Evidence of FeOxide(s) material is provided in Figure 4.8a-
c which shows an AFM topography and top-down SEM images of the well-ordered 
FeOxide(s) nanodots resembling the template previously represented by PS-b-P4VP 
BCP. Diameter of these nanodots can be manipulated by altering the initial concentration 
of the iron nitrate solution. FeOxide(s) nanodots were also examined by calcination in 
air at 800 °C for 1 hour to show thermal stability. The top-down SEM image in Figure 
4.8c shows large area of FeOxide(s) nanodots without any change in periodicity or 
diameter. 
 
Figure 4.8. AFM topography image (a), top-down high resolution SEM image (b) of iron 
oxide nanodots obtained after UV/Ozone treatment for 3 hours. (c) The iron oxide 
nanodot patterns obtained from the UV/Ozone treated film after calcination at 800°C for 
1 hour. 
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Analysis of FTIR spectra of various BCP films after microphase separation provides 
significant information about the behaviour of the film at various stages of FeOxide(s) 
nanodots fabrication as shown in Figure 4.9. The intense peak observed at 1110 cm-1 can 
be assigned to Si-O-Si stretching48 in all the spectra originating from the native SiO2 
layer of the silicon substrate. The stretching of the C-O bonds in PVP which is of interest 
in the present context can be identified at 970 cm-1 for the BCP films49 after microphase 
separation and ethanol reconstruction. This signature PVP peak is of very low intensity 
in the iron nitrate loaded film and could be due to the interaction of metal ion with the 
PVP block. UV/Ozone treatment of the iron nitrate loaded film leads to the complete 
burn out of the polymer and as such the absence of the PVP peak. It clearly indicates the 
existence of metal ion-PVP interaction and does indeed evidence the inclusion of iron 
nitrate into the porous BCP film. 
 
Figure 4.9. FTIR spectra of BCP films after (a) microphase separation, (b) reconstruction 
with ethanol for 20 minutes, (c) iron nitrate loading on the reconstructed film, and (d) 
UV/Ozone treatment for 3 hour.  
 
The survey spectra (Figure 4.10a and c) of the samples after UV/Ozone treatment and 
further annealing/calcination indicates presence of the expected elements, Si, O, Fe and 
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a small C 1s (~285 eV) feature due to adventitious carbon. High resolution Fe 2p spectra 
were recorded to distinguish different phases of iron oxides. Fe 2p core level spectrum 
recorded on iron oxide nanodots prepared after UV/Ozone treatment (Figure 4.10b) 
consists of two broadened peaks associated with Fe 2p3/2 at 710.8 eV and Fe 2p1/2 at 
724.8 eV  due to the existence of both Fe+2 and Fe+3 ions. The curve fitted Fe 2p3/2 and 
Fe 2p1/2 binding energies are 709.6 and 722.8 eV (assigned to Fe+2) and 711.5 and 724.9 
eV (assigned to Fe+3), respectively, matches literature values.50  
 
Figure 4.10. XPS survey (a, c) and high resolution Fe 2p core level (b, d) spectra of iron 
oxide nanodots on silicon substrates after UV/Ozone treatment (a, b) and 
calcination/annealing (c, d). 
 
The concentration ratio of Fe+3/ Fe+2 was calculated from the curve-fitted peak areas as 
about 2:1 as expected for Fe3O4.  Fe 2p core level spectrum of iron oxide nanodots after 
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annealing/calcination (Figure 4.10d) consists of two sharp peaks at 711.5 and  725.1 eV 
associated with Fe 2p3/2 and Fe 2p1/2 accompanied by high binding energy satellite 
structures (+8 eV shift). These data are consistent with the existence of Fe+3 (Fe2O3) ions 
only.51,52 Thus, XPS analysis confirms the formation of phase pure iron oxides without 
any polymer residues. 
 
4.4.5. GISAXS of BCP Films at Different Stages 
Further evidence of film morphology is provided by grazing incidence small angle X-ray 
scattering (GISAXS) data gathered as shown in Figure 4.11a-c. The data obtained was 
measured above the critical angle of the polymer but below the critical angle for silicon. 
With this incidence angle (α = 0.20°) the reflected X-rays from the silicon interface 
enhance the scattering observed from the PS-b-P4VP films, specifically for the 
reconstructed and iron nitrate containing films owing to the large electron density 
difference. No diffraction features were observed for the initially microphase separated 
PS-b-P4VP structure on silicon oxide surface functionalized with an ethylene glycol 
layer (Figure 4.11a) most likely due to the low electron density between the two polymer 
blocks. However, following surface reconstruction first order diffraction spots were 
observed (Figure 4.11b). Furthermore, after loading of the reconstructed films with iron 
nitrate the intensity of the diffraction spots increased (Figure 4.11c), indicating that the 
metal ions are filling the void spaces in the film. As seen from Figure 4.11b and c the 
scattering along Qz indicates that the cylindrical microdomains are oriented 
perpendicular to the surface. Interestingly, the diffraction spots seen in Figure 4.11b are 
not as intense as one would expect most likely due to the fact that the pores do not traverse 
the entire film, as discussed earlier from TEM data (Figure 4.7c). It should also be noted 
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that the specular beam spot in Figure 4.11b has become more diffuse suggesting that the 
reconstructed film has become rougher. 
 
Figure 4.11. GISAXS patterns of the BCP film after (a) microphase separation, (b) 
reconstruction with ethanol for 20 minutes, and (c) iron nitrate loading on the 
reconstructed film. 
 
It was also noticed that the d-spacings of these diffraction spots in the reconstructed and 
metal loaded films was not the same with the periodicity increasing from 24.6 nm to 29.7 
nm. This is somewhat unexpected as the PS block is not solvated at all by the aqueous 
solution from which the metal ions are cast and therefore were not expected to be affected 
by the metal loading.  In increasing the periodicity of the films the loading of the metal 
ions is causing a distortion of the PS matrix of the film, which presumably is 
accommodated by a stretching of the PS polymer chains.  This distortion of the polymer 
matrix cannot however be simply accommodated across the film as a whole and we 
would therefore expect the formation of fault lines and defects in the film as a direct 
result of this expansion. X-ray reflectometry experiments were also attempted, but these 
did not yield any meaningful results (figure omitted for the sake of brevity). 
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4.4.6. Fabrication of Silicon Nanopillars 
Figure 4.12a-c shows the silicon nanopillars fabricated following pattern transfer using 
the FeOxide(s) nanodot array template. SEM images in Figure 4.12a-b confirm high 
surface coverage resulting and confirms that the FeOxide(s) template provided an ideal 
etch mask to develop these high aspect ratio silicon nanopillars. Additionally the high 
degree of order seen with the BCP thin film template is represented in the nanopillars 
structures in Figure 4.12b. This SEM image shows a high degree of order with silicon 
nanopillars diameter averaging 16 nm.  Nanopillar structure height varies between 115 
and 120 nm giving an aspect ratio of 1:6. This small difference in nanopillar height shows 
that the silicon etch used works satisfactorily even though the etch was performed for 
only 12 seconds. Again this point extends the significance of employing a metal oxide 
etch mask whereby high fidelity silicon nanostructures can be obtained in a relatively 
short period and by using a simple bottom up methodology. Further evidence of 
FeOxide(s) deposited on the silicon substrate is shown in Figure 4.12c. The high-
resolution SEM image clearly shows the presence of FeOxide(s) nanodot on the top of 
the silicon nanopillar. 
 
To verify the presence of Fe in the nanodots fabricated, EDX was performed in point 
mode to locate Fe on top of the nanopillar. It should be noted that when EDX is being 
carried out, it results in the deposition of a large amount of carbon on the sample, and 
since the  
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Figure 4.12. Fabrication of silicon nanopillars following pattern transfer process using 
FeOxide(s) as etch mask. Cross-section low-resolution SEM (a), high-resolution SEM 
images (70° tilted) (b, c) of silicon nanopillars. (d) EDX spectrum of (a). 
 
feature of interest is small (~ 20 nm of FeOxide(s) on Si nanopillars) this then results in 
the rapid build-up of carbon on the sample surface which obscures the X-ray signals. For 
this particular reason, EDX is performed on a single point on the sample rather than 
obtaining a map of the elemental composition. From the EDX spectrum in Figure 4.12d, 
peaks are visible identifying that Fe is indeed present at the top of the silicon nanopillar 
structure. However these peaks are extremely small, representative of the low quantity 
of metal deposited on the silicon substrate, which accounts for the major peak. It should 
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be noted that the intense copper peak seen in the spectrum is due to the grid used during 
analysis. 
 
4.5. Conclusions 
In conclusion, we have demonstrated a facile method for the enhancement of surface 
coverage and ordering through a molecular functionalization based around ethylene 
glycol which favorably interacted with PS-b-P4VP forming an ideal perpendicularly 
orientated template. This orientation along with surface reconstruction process allowed 
for the successful incorporation of a FeOxide(s) hard mask which enabled the fabrication 
of high aspect ratio silicon nanopillars. Additionally, further information was provided 
in this report with GISAXS and spectroscopic data aiding the understanding on film 
morphology following the reconstruction and iron nitrate deposition process. In 
summary, we have shown a simple approach using block copolymer lithography for the 
fabrication of silicon nanopillars with high degree of order and fidelity. 
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4.7. Appendix – Chapter 4 
Self-Assembly of PS-b-P4VP Block Copolymer on Molecularly Functionalized 
Silicon Substrates: Fabrication of Inorganic Nanostructured Etchmask for 
Lithographic Use 
 
  
      
Figure S4.7.1. Optical images (480 x 360 micron) of (a) PS-b-P4VP as cast on toluene 
cleaned silicon and (b) PS-b-P4VP as cast on a silicon oxide surface functionalized with 
an ethylene glycol layer. (c) and (d) show the corresponding topographic AFM structures. 
 
 
 
 
PS-b-P4VP as cast on toluene cleaned 
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Figure S4.7.2. Optical images (480 x 360 micron) of (a) PS-b-P4VP after solvent anneal 
with THF at 50°C on toluene cleaned silicon and (b) PS-b-P4VP after solvent anneal 
with THF at 50°C on a silicon oxide surface functionalized with an ethylene glycol layer. 
(c) and (d) show the corresponding topographic AFM structures. 
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5.1. Abstract  
“Directing” block copolymer (BCP) patterns is a possible option for future 
semiconductor device patterning, but pattern transfer of BCP masks is somewhat 
hindered by the inherently low etch contrast between blocks. In this chapter, we 
demonstrate a “fab” friendly methodology for forming well-registered and aligned 
silicon (Si) nanofins following pattern transfer of robust metal oxide nanowire masks 
through the directed self-assembly (DSA) of BCPs. A cylindrical forming poly(styrene)-
block-poly(4-vinyl-pyridine) (PS-b-P4VP) BCP was employed producing “fingerprint” 
line patterns over macroscopic areas following solvent vapor annealing treatment. The 
directed assembly of PS-b-P4VP line patterns was enabled by electron-beam 
lithographically defined hydrogen silsequioxane (HSQ) gratings. We developed metal 
oxide nanowire features using PS-b-P4VP structures which facilitated high quality 
pattern transfer to the underlying Si substrate. This chapter highlights the precision at 
which long range ordered ~ 10 nm Si nanofin features with 32 nm pitch can be defined 
using a cylindrical BCP system for nanolithography application. The results show 
promise for future nanocircuitry fabrication to access sub-16 nm critical dimensions 
using cylindrical systems as surface interfaces are easier to tailor than lamellar systems. 
Additionally, the work helps to demonstrate the extension of these methods to a “high χ” 
BCP beyond the size limitations of the more well-studied PS-b-poly(methyl 
methylacrylate) (PS-b-PMMA) system. 
 
5.2. Introduction 
Resolution enhancement techniques may be required to augment current lithography 
tools for fabricating fine patterns to achieve more densely packed electronic devices, i.e. 
Moore’s Law.1 Physical limits will be reached that established photolithography is 
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unable to surpass and defining sub-wavelength dimensions/features has seen a plethora 
of alternative techniques explored.2 Proposed alternative lithographic patterning 
techniques (e.g. extreme ultraviolet lithography or multi-source electron-beam 
lithography) are struggling to meet required industrial criteria because of the prohibitive 
costs involved, an inability to achieve density multiplication and the low throughput 
associated limiting their overall industrial implementation.3 The use of conventional 
“top-down” lithography to guide “bottom up” self-assembling materials i.e., directed 
self-assembly (DSA), is viewed as a possible compatible methodology.4 DSA of BCPs 
has been highlighted to define intricate future electronic circuitry enabling higher speed 
and reduced energy consumption per device function.5,6 The DSA of BCPs is achieved 
through chemoepitaxy and graphoepitaxy.7-14 Chemoepitaxy utilizes lithographic 
methods to define a chemical pre-pattern to regulate polymer interactions and force strict 
pattern alignment and order. Likewise, graphoepitaxy uses top-down optical or electron-
beam techniques to topographically pattern substrates forming trenches to guide the self-
assembly of BCP materials.  
 
These DSA methods are advanced for the PS-b-PMMA BCP system.7-10,14 However, PS-
b-PMMA BCP is limited in the feature size attainable by having a relatively small Flory-
Huggins interaction parameter (χ, measures the chemical dissimilarity of the BCP 
constituent blocks) of 0.04.15 For sub-15 nm BCP defined pitch sizes, the product χN 
(where N is the degree of polymerization) needs to be tailored so that ordered microphase 
separation occurs at low BCP molecular weights. High χ materials can also enable 
reduced line edge roughness since the interfacial width of the nanodomains are 
proportional to χ-0.5.16 A number of newly synthesized high χ BCPs including N-
maltoheptaosyl-3-acetamido-1-propyne-block-4-polytrimethylsilylmethacrylate (MH-b-
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PTMSS),17 PS-b-PTMSS,18 PS-block-poly(methyltrimethylsilylmethacrylate) (PS-b-
PTMSM),18 PTMSS-block-poly(D,L)lactide (PTMSS-b-PLA, χ=0.4)19, and 
poly(cyclohexylethylene)-block-PMMA (PCHE-b-PMMA)20  have been developed for 
ultra-small features sizes as well as enhanced block contrast for etch processing. These 
systems extend the work on PS-block-polydimethylsiloxane (PS-b-PDMS, χ=0.26) 
which combines both high χ and the presence of a Si backbone that enhances etch contrast 
and facile pattern transfer when used as an on-chip etch mask.21,22 Other notable 
commercially available high χ BCP materials for etch mask applications include poly-2-
vinylpyridine (P2VP)-b-PDMS (χ ~ 1.06),23 PS-b-P2VP (χ ~ 0.18)24 and PS-b-PLA (χ ~ 
0.23).25-27 However to date, successful pattern transfer for high χ BCPs (other than PS-
b-PDMS)22,28 has been limited. PS-b-PVP BCPs may be particularly attractive for 
nanolithography due to their high χ and a reactive PVP group that can enable inclusion 
of etch contrast agents. For example, Buriak and coworkers have shown the formation of 
various metallic nanowires with PS-b-P2VP block copolymers.29,30 Gu et al.24 recently 
illustrated fine tuning of etch chemistry and pattern transfer methodologies using cryo 
inductively coupled plasma etching of PS-b-P2VP BCPs.  
 
In this chapter, large scale coverage of highly oriented and aligned parallel cylinders via 
DSA and solvent vapor annealing (SVA) is demonstrated with a “high χ” PS-b-P4VP 
system. We have used topographical patterns of hydrogen silsequioxane (HSQ) created 
by electron beam lithography and an asymmetric PS-b-P4VP (24,000 g mol−1 - 9,500 g 
mol−1) BCP self-assembly to fabricate aligned Si nanofins using etch enhanced pattern 
transfer. Orientation of BCP films was controlled through solvent vapor annealing (SVA) 
methodology forming in-plane cylinders (i.e. horizontal to the substrate surface, CII). PS-
b-P4VP templates were developed through a surface reconstruction strategy and etch 
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contrast was enhanced via incorporation of metal oxide material either iron oxide (Fe3O4) 
or aluminium oxide (γ-Al2O3). The metal oxide inclusion enabled an effective pattern 
transfer producing uniform arrays of Si nanofins over macroscopic areas as characterized 
by scanning electron microscopy (SEM) and transmission electron microscopy (TEM). 
Whilst line-space features of PS-b-P4VP systems have been shown previously,31,32 we 
further demonstrate the mask etch application potential of PS-b-P4VP by integrating 
DSA and metal oxide hardmask inclusion for high aspect ratio (1:4) Si pattern transfer. 
Critically, previous work only details orientation control (i.e. vertical or parallel to the 
surface plane).  However, we show pattern alignment (to a surface direction) of the 
arrangements which is critical for application. This also means that we are essentially 
producing defect-free patterns over large areas. The methodology described herein 
resulted in highly parallel nanofin structures with translational alignment and registration 
of ~10 nm feature sizes within HSQ gratings.  
 
5.3. Experimental 
Materials. Planar substrates used were highly polished single-crystal silicon <100> 
wafers (p-type) with a native oxide layer of ~2 nm. Poly(styrene)-block-Poly(4-
vinylpyridine) was purchased from Polymer Source, Inc., Canada, with a molecular 
weight of Mn = 33.5 kg mol−1 (MnPS = 24 kg mol−1; MnP4VP = 9.5 kg mol−1, fPS = 0.70), 
a polydispersity (Mw/Mn) of 1.15 (where, Mn and Mw are number average and weight 
average molecular weights) and was used without further purification. Fe2(NO3)3.9H2O 
(Iron (III) nitrate nonahydrate), Al(NO3)3.9H2O (aluminium nitrate nonahydrate, ACS 
reagent, ≥98%), acetone (ACS reagent, ≥99.5%) chloroform (for HPLC, ≥99.9%, 
contains 0.5-1.0% ethanol as stabilizer), Tetrahydrofuran (inhibitor-free, 
CHROMASOLV Plus, for HPLC, ≥99.9%), Toluene (CHROMASOLV, for HPLC, 
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99.9%), ethanol (dehydrated, 200 proof) were purchased from Sigma-Aldrich and used 
without further purification unless otherwise stated. De-ionized (DI) water was used 
wherever necessary. 
HSQ Substrate Preparation and Substrate Cleaning. Ten × 10 mm bulk silicon ⟨100⟩ 
oriented substrates, nominal resistivity 0.001 Ω cm, were used for all DSA experiments. 
The substrates were first patterned using a HSQ EBL (Raith e-LiNE plus) process prior 
to deposition of the PS-b-P4VP block copolymer (BCP). The substrates were initially 
degreased via ultrasonication in acetone and iso-propanol (IPA) solutions (2 × 2 min), 
dried in ﬂowing N2 gas and baked for 2 minutes at 393 K in an ambient atmosphere to 
remove any residual IPA. The substrates were then spin coated (500 rpm, 5 seconds, 
2000 rpm, 32 seconds) with a 2.4 wt % solution of HSQ (XR-1541 Dow Corning Corp.) 
in MIBK to produce a ∼50 nm ﬁlm of HSQ. The wafer was then baked at 393 K in an 
ambient atmosphere for 3 minutes prior to transfer to the EBL system for exposure. 
Arrays of 50 nm wide lines at pitches of (32n + 50) nm were exposed, where n is an 
integer and 0 < n < 8. HSQ pitches were measured at ~110, 145, 175, 205, 240, 270, and 
300 nm. Following electron beam exposure the samples were developed in an aqueous 
solution of 0.25 M NaOH, 0.7 M NaCl for 15 seconds, followed by rinsing in ﬂowing DI 
water for 60 seconds and 15 seconds rinse in IPA. The samples were then blown dry in 
ﬂowing N2 gas.  
Block Copolymer Film Preparation and Solvent Vapor Anneal. 0.5 weight % 
solutions of PS-b-P4VP BCP were prepared in toluene/THF (80:20). The solutions were 
left stirring overnight to ensure complete dissolution. Prior to spin coating planar Si or 
HSQ substrates were sonicated for 20 minutes with acetone. Following this surface 
cleaning, the substrates were then further rinsed in acetone and blown dry with nitrogen. 
Spin coating of the PS-b-P4VP BCP solution was carried out at 3200 rpm for 30 seconds. 
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Solvent vapor annealing was carried out in the conventional manner with a small vial 
containing 8–10 ml of chloroform placed inside a glass jar (150 ml) with PS-b-P4VP 
sample for 30 minutes to 3 hours (room temperature ~ 290 K). Samples were removed 
from the glass jars after the desired anneal time and allowed to evaporate the trapped 
solvent at ambient conditions. The films did not exhibit any major swelling during 
annealing as the films were transparent throughout (same as spin cast). Surface 
reconstruction was carried out by placing the solvent annealed PS-b-P4VP sample in a 
glass jar with ethanol vapors for 20 minutes. After this vapor treatment, the sample was 
removed and left to dry at room temperature. This provided enough time for swelling of 
the P4VP domains to enable the reconstructed template to form for subsequent deposition 
of the metal nitrate solutions.  
Metal oxide nanowire pattern fabrication. Fe2(NO3)3.9H2O (iron nitrate hexahydrate) 
and Al(NO3)3.9H2O (aluminium nitrate nonahydrate, ACS reagent, ≥98%) solutions of 
0.4 wt % were prepared in ethanol and spin-coated on to the ethanol reconstructed  
samples for 30 seconds at 3200 rpm. UV/O3 treatment was used to oxidize the precursor 
and remove polymer. Samples were UV/O3 treated in a UV/ozone system (PSD Pro 
Series Digital UV Ozone System; Novascan Technologies, Inc., USA). The UV source 
is two low pressure mercury vapor grid lamps. Both lamps have an output current of 0.8–
0.95 A and power of 65–100 W, as reported by the manufacturer, and have strong 
emissions at both wavelengths of UV radiation (184.9 nm and 253.7 nm). The system 
produces highly reactive ozone gas from oxygen that is present within the chamber.  
Pattern transfer recipes. An STS, Advanced Oxide Etch (AOE) ICP etcher was used 
for etching to pattern transfer the iron oxide and aluminium oxide nanowires to the 
underlying Si substrate. The general plasma etch methodology for pattern transfer was 
as follows; the initial etch was to remove the native oxide and then Si etch time was 
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varied to form fins with different heights. The native oxide layer etch was carried out for 
5 seconds using a combination of C4F8/H2 gas mixture (21 sccm/30 sccm) using an ICP 
coil power of 800 W and a Reactive Ion Etching (RIE) power of 80 W. Following this, 
nanofin fabrication involved a controlled gas mixture of C4F8/SF6 at ﬂow rates of 90 
sccm/30 sccm respectively and the ICP and RIE power were set to 600 W and 15 W 
respectively at a chamber pressure of 15 mTorr. Note that further details on the above 
etches can be found in previously reported work by Ghoshal et al.33,34 Also as mentioned 
above, Fe3O4 can be removed via wet etch procedures (oxalic acid), note that the γ-Al2O3 
hardmask used here can be removed using a mild base (NaOH) treatment. 
Characterization. PS-b-P4VP BCP film thicknesses were measured with a 
spectroscopic ellipsometer “J.A. Woollam Ellipsometer” at a fixed angle of incidence of 
70°, on at least three different places on the sample and was averaged as the film 
thickness. A two layer model (SiO2 + BCP) for total BCP film was used to simulate 
experimental data. Atomic Force Microscopy (AFM) (Park systems, XE-100) was 
operated in AC (tapping) mode under ambient conditions using silicon microcantilever 
probe tips with a force constant of 42 N m-1. Topographic and phase images were 
recorded simultaneously. Scanning Electron Microscopy (SEM) images were obtained 
by a FEI Helios Nanolab 600i system at an accelerating voltage of 5 kV and at a working 
distance of 4 mm. For cross-section SEM images, the substrate was cleaved in half and 
positioned perpendicular to the incident beam of electrons. The stage was then tilted at 
an angle of 20°. Transmission Electron Microscopy (TEM) lamella specimen were 
prepared using the Helios NanoLab DB FIB and were analysed by JEOL 2100 high 
resolution transmission electron microscope operating at an accelerating voltage of 200 
kV. Domain size, periodicity of HSQ trenches and feature sizes etc. were measured from 
SEM and TEM data using ImageJ software. X-ray Photoelectron Spectroscopy (XPS) 
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was performed on Vacuum Science Workshop CLASS100 high performance 
hemispherical analyser using Al Kα (hv = 1486.6 eV) X-ray at 200W power. Spectra 
were obtained at a take-oﬀ angle of 90°. Photoemission peak positions were corrected to 
C 1s at a binding energy of 284.8 eV. 
 
5.4. Results and Discussion 
Figure 5.1 shows the overall process flow for the fabrication of Si nanofins following the 
DSA of PS-b-P4VP block copolymer in HSQ trenches. Large areas of translationally 
ordered, in plane (CII) P4VP were generated by confinement in the HSQ topography. 
Experimentally robust processes were established for developing P4VP CII patterns and 
their subsequent impregnation with Fe3O4 and γ-Al2O3 hardmask materials and eventual 
substrate pattern transfer. PS-b-P4VP thin films were spin coated onto HSQ 
topographically patterned substrates (such that HSQ feature spacing was 32n nm where 
n is an integer and 0 < n < 8). Full SEM characterization of these substrates is shown in 
Appendix – Chapter 5 Figure S5.7.1. SVA was carried out in an ambient atmosphere of 
chloroform and pattern transfer was then optimized for the DSA defined features.  The 
graphoepitaxial alignment of PS-b-P4VP within the topographical HSQ substrates was 
carefully optimized using film thickness and SVA conditions.  
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Figure 5.1. Overall process flow enabling Si nanofins via an enhanced metal oxide 
pattern transfer. (a) Si substrate (b) Uniform HSQ resist material spin coated (c) Electron 
beam lithography used to define 50 nm HSQ gratings at different pitches (see 
experimental) (d) PS-b-P4VP BCP spin coated (e) Solvent vapor annealing of BCP film 
in chloroform vapors at room temperature producing P4VP cylinders in plane (f) Film 
exposed to ethanol vapors to form ‘activated’ porous P4VP nanodomains (g) Iron or 
aluminium oxide formed via inclusion and UV/ozone treatment (h) Pattern transfer to 
underlying Si forming aligned Si nanofins.  
 
 
0.5, 1 and 2 wt % PS-b-P4VP BCP solutions were spin coated onto Si substrates that had 
been ultrasonically cleaned.  Characterization of 1 and 2 wt % films were initially 
examined after a 3 hour SVA period and data are presented in Figure S5.7.2~S5.7.9. The 
influence of different surface chemistries were also examined for the 0.5 wt % films (See 
Figure S5.7.10~S5.7.16). Films thicknesses were measured after SVA for 2 hours at 52.6 
and 97.2 (± 0.15) nm for 1 and 2 wt % films respectively. A color change associated with 
increased swelling35 was observed for these films but not the thinner films as described 
below (Figure 5.2). Relief structures such as “islands” and “holes” were observed in these 
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thicker films and visible in both optical and atomic force microscopy (AFM). The thicker 
films proved unsuitable for nanolithography due to irregular thickness and also that they 
contained more than one layer of parallel cylinders. In comparison, an optical image 
(Figure S5.7.13b) of the 0.5 wt % film showed film thickness uniformity and the 
thickness of the film at 24.4 (± 0.15) nm is consistent with a single layer of cylinders (as 
proven in TEM data presented below). Although 24.4 nm is below the ideal 
commensurability of the system (since the cylinder centre to centre spacing is 32 nm) it 
is suggested that under the chloroform solvent vapor that the thickness approaches an 
ideal value. Thus, the solvent annealing conditions of the 0.5 wt % films was examined 
in detail. Figure 5.2a~d show SEM characterization of the line pattern evolution for 0.5 
wt % films with chloroform at room temperature (~ 290 K) from 30 minutes up to 3 hours 
(note films were selectively swelled using ethanol vapor to provide SEM contrast). The 
initial spin cast 0.5 wt %  film (AFM image, Figure S5.13c) showed poorly ordered P4VP 
cylinders normal (C⊥) to the substrate. The top-down SEM images in Figure 5.2 show 
the film surface after 30 minutes to 3 hours. Well-developed line (CII) patterns were 
observed with defects reducing as the anneal period was increased. The average domain 
feature size and cylinder periodicity (Co) for the films was 20 nm and 32 nm respectively 
for all samples. Self-assembled patterns were developed in HSQ trenches as shown in 
Figure S5.17. Patterns were stained using ruthenium tetroxide vapor to enhance contrast.  
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Figure 5.2. PS-b-P4VP BCP films were spin coated from a 0.5 wt % solution on to 
acetone degreased Si substrates. Top-down SEM images are shown in (a)-(d) after 
solvent vapor annealing with chloroform at room temperature (~ 290 K) of a 24 nm thick 
PS-b-P4VP BCP film for (a) 30 minutes, (b) 1 hour, (c) 2 hour and (d) 3 hours 
respectively. Note films were exposed to ethanol vapors following solvent vapor 
annealing to create porous structures. Scale bars are 500 nm, while inset scale bars are 
100 nm. 
 
In-situ ellipsometery suggests the swollen thickness does not reach the theoretically ideal 
thickness of 32 nm and after 2 hours SVA the measured thickness was 26.1 nm (see 
Figure S5.7.18a and b). It should be noted that we have observed that the ideal cylinder 
structure is compressed in thin films and this somewhat lower value might represent the 
true ideal thickness.36 The relatively small increase in film thickness (~ 15%) under SVA 
is probably due to the limited swelling of the BCP film during annealing as chloroform 
is a nonselective solvent for pure PS-b-P4VP.35 Solubility parameters for chloroform, PS 
and P4VP are 19.0, 18.6 and ~23 MPa1/2 respectively.32,37 The use of chloroform did 
result in formation of P4VP CII while PS selective annealing solvents (e.g. 
tetrahydrofuran or 1,4 dioxane) gave P4VP C⊥ arrangements. It should be noted that the 
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SVA conditions and process window was optimized for this particular PS-b-P4VP 
system and cannot be considered universally applicable for all PS-b-P4VP BCP systems. 
Following SVA in chloroform we believe we have formed cylindrical morphological 
structures but we cannot definitively rule out other phases without through film analysis 
(GISAXS or cross-section TEM). However, we do believe that the lack of swelling with 
chloroform may ensure minimal change in the effective volume composition of the BCP 
film and thus the likely formation of cylinder structures. Substrates without any surface 
modification (acetone only cleaned Si or bare Si) gave the best ordered line patterns and 
thus this window was used for BCP deposition on planar and HSQ substrates. Acetone 
only cleaned substrates were used as degreasing the substrates provided a uniform film.  
 
Surface reconstruction is a popular method for creating “nanoporous” structures after 
SVA for asymmetric PS-b-P4VP38,39 and as shown in Figure 5.2, it is sufficient to 
generate SEM contrast. However, the ethanol reconstruction process needed to be 
carefully controlled and destruction of the film morphology was observed when the SVA 
films were immersed in ethanol (See Figure S5.7.19b and c) for extended periods. 10 
minutes immersing times did produce porous structures (Figure S5.7.19a) of reasonable 
quality but at longer times significant distortion of the PS matrix occurs through swelling 
of the P4VP nanodomains. To create the nanoporous structure without distortion, we 
used a similar approach to Gowd et al.40 where the film was exposed to ethanol vapor for 
20 minutes. We believe that this allows more limited swelling of the P4VP and prevents 
degradation of the P4VP line patterns. As shown in previous work it is unlikely that this 
results in a fully developed pore system.41 This differs from the ethanol treatment used 
for cylinder forming PS-b-PEO BCP systems where the pore system is well developed 
and suggests effective etching of the PEO.33,34 The nature of these activation techniques 
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is under debate but it is clear that well-defined inclusion formed patterns are reliant on 
the optimization of the activation process. Figure 5.3a-d shows top-down SEM images 
of highly aligned porous features of PS-b-P4VP films in HSQ gratings with 160, 192, 
224 and 265 nm channel width dimensions. The methodology developed for planar films 
can be extended to the HSQ topographical substrates as shown in Figure 5.3.  
 
Figure 5.3. Top-down SEM images of graphoepitaxially aligned porous PS-b-P4VP 
templates in HSQ gratings following swelling of P4VP domains using ethanol vapor. (a) 
– (d) Show alignment of PS-b-P4VP features in 50 nm HSQ gratings (red bars in image 
a) at channel widths of (a) 160 nm, (b) 192 nm, (c) 224 nm and (d) 265 nm. (c) and (d) 
show areas where alignment has taken place from open areas in to the HSQ trench 
gratings. Scale bars are 200 nm. 
 
Notably, the influence of the HSQ gratings is evident from Figure 5.3c and d as one can 
see the “fingerprint” pattern in the open area aligned in the HSQ guiding features over 
large areas.  
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Following surface reconstruction, the “activated” PS-b-P4VP acts as a template for the 
development of metal oxide nanowires to form a hardmask for the pattern transfer 
process. Employing Fe3O4 is an attractive and facile route to act as an etch mask during 
plasma etching due to the robust nature of the oxide material which allows the 
development of high fidelity nanostructures.38-40 Improving etch contrast between 
polymer blocks is extremely important for pattern transfer and innovative methods have 
been explored. For example, Elam, Darling and co-workers have developed a process 
involving atomic layer deposition coined sequential infiltration synthesis (SIS) to 
enhance the etch contrast of as formed PS-b-PMMA BCP patterns with inorganic 
material.42,43 Exotic BCPs containing an inorganic block have been reviewed lately 
showing potential for lithographic purposes.44 Here we use simple metal nitrate salts to 
provide a robust inorganic moiety giving high etch contrast. The metal nitrate (iron or 
aluminium) solution was spin coated on the nanoporous polymer film structure and the 
surrounding polymer template was then removed via UV/O3 treatment. Figure 5.4a 
displays large scale coverage of the Fe3O4 nanowires and the TEM inset shows a slightly 
elliptical structure that may reflect the elliptical form of the cylinders noted before.36 The 
inset also shows that what may be a small amount of Fe3O4 material resides across the 
polymer substrate interface. This might result from a thin PVP wetting layer (as P4VP 
has a higher affinity to the hydrophilic native oxide layer)35 in the self-assembled PS-b-
P4VP structure. This was not problematic for pattern transfer and this suggests these 
darker areas may instead result from electron beam scattering events at the interface. 
Further characterization from the STEM images in Figure 5.4b show both low resolution 
and high resolution (inset) Fe3O4 nanowires with high and regular uniformity. The EDX 
included in Figure 5.4b reveals the presence of iron in the expected regions41 (but not in 
areas between wires suggesting that a scattering process is responsible for the apparent 
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thin film between wires) as well as Si (from the substrate) and oxygen (from the Si oxide 
layer and from the Fe3O4).  
 
Figure 5.4. (a) Top-down SEM image of Fe3O4 nanowire array after UV/O3 treatment. 
Inset in (a) shows cross section TEM of Fe3O4 nanowires/substrate interface. (b) EDX 
spectrum of Fe3O4 nanowire array and HAADF image and inset show uniformity and 
regularity of Fe3O4 nanowire array. (c) Top-down SEM image of γ-Al2O3 nanowire 
arrays after UV/O3 treatment. Inset in (c) shows cross-section SEM view of γ-Al2O3 
nanowires. Scale bars are 500 nm in (a) and (c) and represent 100 nm in (b).  
 
γ-Al2O3 inclusion was also carried out and the SEM image in Figure 5.4c show well-
defined uniform nanowires. γ-Al2O3 nanowires were produced in a similar manner to 
Fe3O4 inclusion with an ethanolic metal precursor and the high uniformity is comparable 
to the Fe3O4 nanowires described above. Figure 5.5a shows a large open area of HSQ 
topographical substrate with well-defined γ-Al2O3 nanowires. Figure 5.5b-g displays the 
DSA of HSQ line gratings with aligned γ-Al2O3 nanowire features over large areas with 
channel widths of 96 nm, 128 nm, 160 nm, 192 nm, 224 nm and 265 nm respectively. 
Distinct γ-Al2O3 nanowires features are observed in all images with two γ-Al2O3 
nanowire features seen in the HSQ gratings with channel width of 96 nm and a total of 
seven γ-Al2O3 nanowire features demonstrated in the 265 nm channel width. The γ-Al2O3 
nanowires mimic the nanoporous template used and possess centre to centre spacings (32 
nm) comparable to the original PS-b-P4VP BCP film. Fe3O4 inclusion in a 265 nm 
channel width HSQ grating is also shown over large areas in Figure S5.7.20. 
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Figure 5.5. (a) Shows top-down SEM image of γ-Al2O3 nanowires in open area of HSQ 
substrate. (b)-(h) Top-down SEM images of aligned γ-Al2O3 nanowires in 50 nm HSQ 
gratings with channel widths indicated in image. All scale bars are 200 nm.  
 
X-ray photoelectron spectroscopy (XPS) was used to elucidate the chemical composition 
of the metal nanowire structures developed from metal nitrate ethanolic solutions.  Figure 
5.6a and b show the high resolution spectra of Fe 2p and Al 2p core level binding energies 
of Fe3O4 and γ-Al2O3 nanowires formed following UV/ozone treatment for 3 hours. The 
ozonation process allowed complete or near-complete removal (as determined by C1s 
signal reduction) of polymer material to form Fe3O4 nanowires (as shown in Figure 5.4a 
and b) and γ-Al2O3 nanowires (Figure 5.4c). The survey and high resolution O 1s spectra 
for the Fe3O4 nanowires can be found in Figure S5.7.21. The metal 2p features were 
processed with the CasaXPS software using a Shirley background subtraction and curve-
fitting with Voigt profiles. For the Fe 2p core level, peaks are found at 713.5 eV (Fe 
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2p3/2) and 724.9 eV (Fe 2p1/2) respectively. The values match previously reported 
literature values.34,41 The 2p3/2:2p1/2 ratio was the expected value of 2:1.   
 
Figure 5.6. (a) High resolution XPS spectra of Fe 2p core level of iron oxide (Fe3O4) 
nanowires following UV/O3 treatment. (b) High resolution XPS spectra of Al 2p core 
level of aluminium oxide nanowires (γ-Al2O3) following UV/O3 treatment. Survey 
spectra and high resolution O 1s core level spectra are shown in Figure 5.7.21 and 5.7.22 
for both samples. 
 
Figure 5.6b displays XPS of the Al2p core level binding energy corresponding to the 
nanowire sample shown in Figure 5.4c. The Al 2p core level binding energy (Figure 5.6b) 
shows the characteristic peak for Al2p at 73.9 eV typical of γ-Al2O3 and this was 
consistent with the O1s spectra (Figure S5.7.22).45 
 
It has been speculated that the pattern transfer of an on-chip etch mask is second only to 
lithography in importance.46 All etch processes are challenging24 and it is vital that 
pattern transfer methods are highly selective46,47 so that DSA of BCPs can move 
successfully from “lab to fab”. These Fe3O4 and γ-Al2O3 nanowires can act as efficient 
hardmasks for pattern transfer. C4F8/H2 was employed to etch the native oxide layer thus 
exposing the underlying Si which was then subject to a Si etch (C4F8/SF6). The top-down 
SEM image in Figure 5.7a are of the Si nanofins following pattern transfer of the Fe3O4 
nanowires using a short Si oxide etch (5 seconds) and an ICP Si etch (1 minute 30 
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seconds). Note that the rough edges of the hardmask from the top-down SEM image in 
Figure 5.7a are due to the Fe3O4 nanowire material that will inevitably be etched with 
extended plasma etching. However, the damage to the Fe3O4 hardmask is not transferred 
to the underlying Si material (see Figure 5.7 b,c and Figure 5.8). 
 
In contrast, the cross-section SEM in Figure 5.7b and the inset show the regularity of the 
Si structures where the Si was etched for 1 minute and 30 seconds. This provides 
evidence for the mechanical strength of the hardmask, and while some rough edges are 
visible from top-down SEM (Figure 5.7a) these did not affect the Si structure as seen 
from the TEM characterization below. As described elsewhere,40 Fe3O4 can be etched 
away/removed from the surface of the Si structures without damaging the existing Si. 
Figure 5.7c shows Si nanofins after 2 minutes Si etching. The profile seen in the cross-
section SEM image and inset reveal an even greater depth and definition to the Si 
nanofins etched for 1 minute and 30 seconds in Figure 5.7b. TEM analysis was carried 
out on the Si nanofins fabricated from the Fe3O4 nanowire hardmask template shown in 
Figure 5.7a and b.  
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Figure 5.7. (a) Top-down SEM of Si nanofins following plasma etching of Fe3O4 
nanowire hardmask for 1 minute and 30 seconds. (b) Cross-section SEM image of sample 
(a) while (c) shows cross-section SEM image of an Fe3O4 nanowire hardmask plasma 
etched for 2 minutes. Insets in (b) and (c) show highly defined uniform nanofin arrays. 
Main scale bars are 250 nm while inset scale bars represent 100 nm. 
 
The corresponding TEM characterization of the Si etched for 1 minute and 30 seconds 
are shown in Figure 5.8a-c and reveal the uniformity of the etch with dimensional control 
owing to the Fe3O4 nanowire hardmask. The periodicity of the Si structure pattern (Co 
= 32 nm) remains similar to the initial microphase separated, reconstructed template and 
Fe3O4 nanowire patterns. The etched Si nanostructures possess features sizes of ~ 10 nm 
and etch depths of ~ 40 nm.  
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Figure 5.8. (a) Low resolution TEM image of Si nanofin array following plasma etching 
Si for 1 minute and 30 seconds using Fe3O4 nanowire hardmask. (b) and (c) High 
resolution TEM images of Si nanofins with 10 nm feature size and 16 nm half-pitch as 
shown in (a). 
  
Similarly, we examined the effectiveness of the γ-Al2O3 hardmask material. The etching 
procedures were extended to the γ-Al2O3 hardmask showing similar results. However, it 
should be noted that later etches were performed without the native oxide etch. The native 
oxide etch can sometimes result in significant damage to the γ-Al2O3 hardmask and, thus, 
limits etch fidelity. Figure 5.9a displays the top¬-down SEM image of Si nanofin 
structures following etching of Si for 1 minute and 30 seconds using the γ-Al2O3 
hardmask. The top-down and cross-section SEM images in Figure 5.9a and b reveal a 
highly uniform etch with homogeneity across the Si surface. The use of a different metal 
oxide material shows the versatility of the metal-ethanolic precursor solution as it is 
simple, inexpensive, provides well-defined nanowires and acts as a robust hardmask for 
pattern transfer. Figure 5.9c shows the resulting profile from a 2 minute Si etch using the 
γ-Al2O3 material. The cross-section view and inset in Figure 5.9c reveals a homogenous 
etching procedure with high reproducibility.  
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Figure 5.9. (a) Top-down SEM image of pattern transfer of γ-Al2O3 hardmask nanowires 
on planar Si generating Si nanofins. (b) Cross- section SEM view of sample (a) after 1 
minute and 30 seconds of Si etching. (c) Cross-section SEM view of Si nanofins over 
large area following 2 minutes of Si etching with γ-Al2O3 as hardmask. Inset in (c) reveals 
the vertical profile and uniform nature of the nanofins. Main scale bars are 250 nm while 
inset scale bars represent 100 nm. 
 
Finally we demonstrate the pattern transfer producing aligned Si nanofins generated from 
the γ-Al2O3 nanowire hardmask using the HSQ gratings for DSA application. Figure 
5.10a-c shows the top-down SEM images of Si nanofins following pattern transfer using 
Si etch (SF6/C4F8) for 1 minute and 30 seconds. Figure 5.10a displays an open area of 
the HSQ substrate where the alignment of one P4VP cylinder was directed. The nanofin 
shows good contrast in comparison to γ-Al2O3 features shown earlier (Figure 5.5) due to 
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the Si etch. Distinct nanofins were also produced in the 160 nm and 265 nm trenches 
displaying 4 and 7 Si nanofins respectively as displayed in Figure 5.10b and c.  
 
One can also see that the feature size of the nanofins aligned next to the HSQ sidewalls 
in the larger trench width (265 nm) is slightly smaller and we speculate that this may be 
due to swelling effects during SVA or the “activation” step. The issue does not affect the 
pattern transfer of the γ-Al2O3 nanowires in the graphoepitaxy process however we 
suggest that by increasing the trench widths initially this problem may be overcome, and 
could lead to uniform nanofin formation by accounting for excess swelling of domains 
during SVA. A low resolution TEM image in Figure 5.10d shows the uniformity of the 
Si etch in the 160 nm channel width with the γ-Al2O3 material acting as an effective etch 
stop. Feature sizes were measured at ~ 10 nm while the etch depth was ~ 40 nm i.e. an 
aspect ratio of 1:4. The high-resolution TEM images of Si nanofins are displayed in 
Figure 5.10e and f revealing the uniformity of the nanofin structure.  
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 Figure 5.10. Top-down SEM images of pattern transferred Si nanofins in ~ 50 nm HSQ 
gratings at channel widths of (a) 64 nm, (b) 160 nm and (c) 265 nm respectively. 
Schematic shows process for pattern transfer of aligned γ-Al2O3 nanowire hardmask. (d) 
Cross-section TEM of aligned Si nanofins in HSQ gratings possessing channel widths of 
160 nm. (e,f) Show high resolution TEM images of Si nanofins fabircated from γ-Al2O3 
nanowire hardmask. Scale bars are 250 nm unless indicated. 
 
5.5. Conclusions 
In this chapter, a straight forward, low cost and industrial compatible methodology for 
the fabrication of sub-wavelength semiconductor features has been demonstrated. SVA 
was shown to be an extremely effective route for controlling and optimizing cylindrical 
morphology in an asymmetric PS-b-P4VP BCP system. Furthermore, the ability to 
develop and control the orientation of the cylindrical morphology is promising for line 
space features for on-chip etch mask application. The tuning of the film thickness of the 
PS-b-P4VP is a significant process step for forming a monolayer of cylinders in thin film 
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for etch mask application. Creating an ultrathin mask is important for the subsequent 
pattern transfer to the device active layer that the mask patterns. The TEM 
characterization presented in this work shows the ability of PS-b-P4VP to form well 
oriented CII that enable metal oxide inclusion. Additionally, enhancing etch contrast over 
large areas via metal oxide inclusion technique was shown allowing a facile pattern 
transfer. The pattern transfer of the on-chip etch mask was shown to be extremely 
successful for both the Fe3O4 and γ-Al2O3 hardmask material on planar Si. Si nanofins 
were shown to be uniform from TEM characterization with feature sizes of sub-12 nm. 
DSA of the PS-b-P4VP line patterns via a graphoepitaxial approach was also 
demonstrated employing HSQ gratings. Metal oxide inclusion was carried out using 
“activated” PS-b-P4VP features guided by the HSQ gratings with high reproducibility 
comparable to the planar substrates. The pattern transfer of the metal oxide etch masks 
was shown to result in regularly aligned Si nanofins with ~ 10 nm feature size. The 
technique and approach used here has potential for industrial scale up owing to the simple 
and limited process steps required for the fabrication of highly dense Si nanostructures. 
Also the parallels with the semiconductor industry are clear as a top-down method was 
employed to fabricate the guiding trenches with a well-established negative tone 
electron-beam lithographic resist. The ability to fabricate Si structures with such high 
precision and placement accuracy are attractive aspects for key enabling future devices. 
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5.7. Appendix - Chapter 5 
Aligned Silicon Nanofins via the Directed Self-Assembly of PS-b-P4VP Block 
Copolymer and Metal Oxide Enhanced Pattern Transfer   
 
 
 Figure S5.7.1. (a) and (b) (scale bars = 500 µm) show top-down SEM images of HSQ 
arrays following preparation as outlined in the experimental section in manuscript. High 
resolution top-down SEM images are shown in (c)-(e) (scale bars = 200 nm) of the HSQ 
trenches with channel widths of 64 nm, 128 nm and 160 nm respectively. 
 
From our study of the thicker PS-b-P4VP films below (1 wt % and 2 wt %) it can be seen 
that P4VP CII (i.e. parallel cylinders) can also be developed during some periods (e.g. 
Figure S5.7.3). However, the quality of the features is extremely poor in comparison to 
the 0.5 wt % films. Notably, ‘‘relief’’ features associated with thicker films create non-
uniform films increasing defect features. 
 
It is evident that this PS-b-P4VP system forms CII due to the film thickness, balanced 
interfacial interactions and the solvent vapor anneal (SVA) conditions. With these 
contributing issues evaluated, 0.5 wt % PS-b-P4VP films were deposited on substrates 
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ultrasonically cleaned with organic solvent. Additionally, 0.5 wt % films SVA with 
chloroform for 2 – 4 hours were used that possessed long correlation lengths.  
 
Figure S5.7.2. Optical image (~ 480 x 360 micron) (top) shows a uniform film following 
spin coating of 1 wt % PS-b-P4VP BCP thin film on an acetone cleaned silicon substrate. 
AFM topographic image (bottom, scale bar = 400 nm) reveals a poorly microphase 
separated structure. There appears to be some microphase separated features but these 
are not distinct. 
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Figure S5.7.3. Optical image (top) (~ 480 x 360 micron) show areas of 1 wt %  PS-b-
P4VP BCP film with dewetting present after 1 hour solvent vapor annealing with 
chloroform. The AFM topographic image (bottom left, scale bar = 400 nm) is from a 
bright area in the optical image. The image shows formation of P4VP CII, i.e. parallel to 
the substrate surface. Likewise the AFM topographic image (bottom right, scale bar = 
400 nm) from the dark areas of the films shows P4VP CII. We do not observe CII across 
the whole film due to its non-uniformity. This is evident in both AFM images.   
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Figure S5.7.4. After 2 hours solvent vapor annealing the 1 wt % PS-b-P4VP BCP film, 
the optical image (top) (~ 480 x 360 micron) shows that the bright regions have grown 
from 1 hour solvent vapor annealing. The AFM topographic image (bottom left, scale 
bar = 400 nm) does not show any microphase separation. Likewise the AFM topographic 
image (bottom right, scale bar = 400 nm) does not show any hexagonal patterns. The 
height scale bars of both images show a non-uniform film surface with regions differing 
by at least 10 nm. 
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Figure S5.7.5.  After 3 hours solvent vapor annealing the 1 wt % PS-b-P4VP BCP film, 
optical image (top) (~ 480 x 360 micron)  reveals a greater coverage of the bright regions 
compared to the optical image in Figure S5.7.4. The AFM topographic image (bottom, 
scale bar = 400 nm) shows areas of microphase separated patterns (CII), however these 
areas are not distinct due to the non-uniform nature of the film. Areas of dewetting are 
also evident in the AFM image with greater than 20 nm depth (area indicated by arrows).  
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Figure S5.7.6. As cast optical image (top) (~ 480 x 360 micron)  of the PS-b-P4VP BCP 
film following spin coating from a 2 wt % PS-b-P4VP solution on an acetone cleaned 
silicon substrate. AFM topogrpahic image (bottom, scale bar = 400 nm) shows 
microphase separated structures. The film shows cylinders normal to the substrate, 
however these have extremely poor order. These films have a distinct purple color.  
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Figure S5.7.7. Optical image (top) (~ 480 x 360 micron)  reveals a non-uniform film 
following 1 hour of solvent vapor annealing with chloroform from a 2 wt % PS-b-P4VP 
BCP film. The AFM topographic image of the blue area of optical image (bottom left, 
scale bar = 400 nm) shows a featureless surface with height variation as seen from the 
height to the left of the image. Also the brown area (AFM image, bottom right, scale bar 
= 400 nm) reveals a similar topography. The feature in the centre of the image (indicated 
by arrow) shows a height difference of more than 40 nm. 
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Figure S5.7.8. The optical image (top) (~ 480 x 360 micron) shows film surface 
following 2 hours of solvent vapor annealing with chloroform from a 2 wt % PS-b-P4VP 
BCP film. Both AFM topographic images (scale bars = 400 nm) do not show any 
microphase separated areas. Blue areas (bottom left) and brown areas (bottom right) 
scanned show relief structures with greater than 50 nm depth in some areas. The film 
thickness not being an integer of the periodicty of the nanodomain results in such 
formations. 
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Figure S5.7.9. The AFM topographic image (bottom, scale bar = 400 nm) shows 
featureless areas following 3 hours of solvent vapor annealing with chloroform from a 2 
wt % PS-b-P4VP BCP film. Microphase separation was absent from the film. 
 
A screening procedure was also carried out with regard to different surface chemistries 
for the 0.5 wt % PS-b-P4VP films and only chloroform was used for SVA at ambient 
conditions. The contact angles were measured for all modified silicon substrate surfaces 
(see Figure S5.7.10). Surface chemistries analyzed included ultraviolet/ozone (UV/O3) 
cleaned, piranha cleaned, acetone cleaned, bare Si without any cleaning, PS-OH 
functionalized and PDMS-OH functionalized silicon. It was found that P4VP C⊥ to the 
substrate were formed following spin coating on all surface chemistries studied except 
for PDMS-OH functionalized silicon surfaces (see Figure S5.7.16c). Although a piranha 
cleaned silicon surface showed P4VP CII after SVA (see Figure S5.7.12d), areas of 
dewetting are present suggesting that the silicon surface is too hydrophilic and thus the 
hydrophilic PVP block interaction with the surface causes instability in the thin film. 
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Likewise, the use of a hydrophobic (PDMS-OH functionalized) silicon surface did not 
exhibit any microphase separation for spin cast or solvent vapor annealed films (See 
Figure S5.7.16 c and d).  
   
Methods and materials for silicon substrate surface chemistry modifications: 
UV/ozone: Substrates were placed in UV/ozone system (PSD Pro Series Digital UV 
Ozone System; Novascan Technologies, Inc., USA) for a 30 minute treatment period.  
Piranha cleaned substrates: Substrates were placed in a ‘piranha’ bath (sulfuric 
acid:hydrogen peroxide, 3:1) for 1 hour at 100°C. After piranha cleaning, substrates were 
cleaned and washed repeatedly with DI water. They were then blown dry under N2 flow. 
Acetone: As described in the manuscript, substrates were sonicated in acetone for 20 
minutes and blown dry under N2 flow.  
Bare Si: Substrates were used as received and no cleaning or modification was 
employed. 
PS-OH functionalized Si: Hydroxyl terminated polystyrene (PS-OH) was purchased 
from Polymer Source, Inc., Canada. The material’s total number average molecular 
weight Mn= 6 kg mol-1 and has a polydisperity of 1.05 and was not further modified. 1 
wt % solutions of PS-OH (6k) were made up in toluene and stirred for 1 hour until fully 
dissolved. ‘Piranha’ cleaned substrates were coated with the 1 wt % PS-OH (6k) solution 
at 3000 rpm and thermally annealed at 180°C for 6 hours. After annealing, the PS-OH 
modified films were then rinsed with toluene to remove any ungrafted PS-OH fragments. 
PDMS-OH functionalized Si: Hydroxyl terminated polydimethylsiloxane (PDMS-OH) 
was purchased from Polymer Source, Inc., Canada. The material’s total number average 
molecular weight Mn= 5 kg mol-1 and has a polydisperity of 1.07 and was not further 
modified. 1 wt % solutions of PDMS-OH (5k) were made up in toluene and stirred for 1 
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hour until fully dissolved. ‘Piranha’ cleaned substrates were coated with the 1 wt % 
PDMS-OH (6k) solution at 3000 rpm and thermally annealed at 180°C for 6 hours. After 
annealing, the PDMS-OH modified films were rinsed with toluene to remove any 
ungrafted PDMS-OH material. 
All of the above modified surfaces were coated with a 0.5 wt % PS-b-P4VP BCP film 
and solvent vapor annealed with CHCl3 vapor at room temperature (i.e., in the manner 
described in the manuscript).  
  
Figure S5.7.10. Contact angle (°) images of water droplets on (a) UV/ozone treated 
cleaned silicon (0°), (b) piranha cleaned silicon (23°), (c) acetone only cleaned silicon 
(26°), (d) bare silicon without cleaning (37°), (e) PS-OH functionalized silicon (94°) and 
(f) PDMS-OH functionalized silicon (104°).  
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Figure S5.7.11. Optical images (~ 480 x 360 micron) of (a) as cast 0.5 wt % PS-b-P4VP 
on UV/ozone cleaned silicon sample (contact angle, 0°) and (b) following  2 hours of 
solvent vapor annealing with chloroform. Corresponding AFM topographic images 
(scale bar = 400 nm) are shown in (c) and (d). (c) AFM topographic image of as cast film 
showing poorly ordered P4VP C⊥ (normal) to the silicon substrate. (d) Following 2 hours 
solvent vapor annealing, the film is featureless. 
a b 
c
   
d
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Figure S5.7.12. Optical images (~ 480 x 360 micron) of (a) as cast 0.5 wt % PS-b-P4VP 
on piranha cleaned silicon sample (contact angle, 23°) and (b) following  2 hours of 
solvent vapor annealing with chloroform. Corresponding AFM topographic images 
(scale bar = 400 nm) are shown in (c) and (d). (c) AFM topographic image of as cast film 
showing P4VP cylinders normal to the silicon substrate. (d) Following 2 hours solvent 
vapor annealing, the film shows P4VP cylinders lying in plane. Areas of dewetting can 
be seen in (d).   
  
 
 
 
b 
c d 
a 
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Figure S5.7.13. Optical images (~480 x 360 micron) of (a) as cast 0.5 wt % PS-b-P4VP 
on acetone only cleaned silicon sample (contact angle, 26°) and (b) following  2 hours of 
solvent vapor annealing with chloroform. Corresponding AFM topographic image (scale 
bar = 400 nm) of (a) is shown in (c). (c) AFM topographic image of as cast film showing 
P4VP cylinders normal to the silicon substrate. Corresponding AFM topographic image 
of (b) is shown in (d). A fully microphase separated pattern is observed with cylinder 
lying in plane. Reconstructed image in Figure 5.2 (c) in manuscript corresponds to Figure 
S5.7.13(d). 
  
 
 
 
a b 
c d 
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Figure S5.7.14. Optical images  (~ 480 x 360 micron) of (a) as cast 0.5 wt % PS-b-P4VP 
on bare silicon sample without cleaning (contact angle, 37°) and (b) following 2 hours of 
solvent vapor annealing with chloroform. Corresponding AFM topographic images 
(scale bar = 400 nm) are shown in (c) and (d). (c) AFM topographic image of as cast film 
showing a poorly microphase separated pattern. (d) Following 2 hours solvent vapor 
annealing, the film shows well developed P4VP cylinders lying in plane. However a large 
defective area is seen in the AFM image. The non-uniform nature of the solvent vapor 
annealed film can be seen in the optical image in (b).  
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Figure S5.7.15. Optical images (~ 480 x 360 micron) of (a) as cast 0.5 wt % PS-b-P4VP 
on PS-OH functionalized silicon substrate (contact angle, 94°) and (b) following  2 hours 
of solvent vapor annealing with chloroform. Corresponding AFM topographic images 
(scale bar = 400 nm) are shown in (c) and (d). (c) AFM topographic image of as cast film 
showing P4VP cylinders normal to the silicon substrate. (d) Following 2 hours solvent 
vapor annealing, the film shows P4VP cylinders lying in plane. Dewetted areas as well 
as poorly microphase separated areas are also observed.  
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Figure S5.7.16. Optical images (~ 480 x 360 micron) of (a) as cast 0.5 wt % PS-b-P4VP 
BCP on PDMS-OH functionalized silicon substrate (contact angle, 104°) and (b) 
following  2 hours of solvent vapor annealing with chloroform. Corresponding AFM 
topographic images (scale bar = 400 nm) are shown in (c) and (d). Microphase separation 
was not observed in either sample, as seen from (c) as cast and (d) solvent vapor 
annealed. 
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Figure S5.7.17. (a) Top-down SEM image of open area on HSQ patterned substrates 
showing P4VP cylinders lying in plane after self-assembly via solvent vapor annealing. 
(b) low resolution and (c) high resolution SEM images of P4VP cylinders lying in plane 
guided by 50 nm wide HSQ gratings at a channel width of 265 nm. Note that all images 
(a) – (c) were stained with ruthenium tetroxide for contrast purposes. All scale bars = 
500 nm. 
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Figure S5.7.18. In-situ thickness measurement. Plot of thickness (nm) change versus 
time (minutes) of 0.5 wt % PS-b-P4VP BCP film spin coated on acetone only cleaned 
silicon followed by annealing with chloroform vapor for (a) 30 minutes and (b) 230 
minutes. Both (a) and (b) indicate that the film does not rise more than 15% (~26.5 nm) 
from its initial thickness (~23nm). 
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Figure S5.7.19. AFM topographic images (scale bars = 400 nm) of PS-b-P4VP BCP 
films following immersion in 10 ml ethanol for (a) 10 minutes, (b) 20 minutes and (c) 30 
minutes. (b) and (c) show deformation of the original PS-b-P4VP BCP structure due to 
swelling of the P4VP nanodomains that distort the PS matrix.  
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Figure S5.7.20. (a) and (b) show top-down SEM images of iron oxide nanowires where 
50 nm wide HSQ prepatterns at a channel width of 265 nm that initially aligned PS-b-
P4VP BCP material. Note that these samples were silicon etched for 5 seconds to 
improve contrast for SEM. Scale bars = 250 nm.  
 
Figure S5.7.20a and b shows a top-down SEM image of the Fe3O4 nanowires with long 
range order. The periodicity of the nanowires and domain size distributions are similar 
to the original PS-b-P4VP self-assembled BCP template. Figure S5.7.20a shows an open 
area of the substrate that exhibits the ‘‘fingerprint’’ like pattern evidenced on planar 
substrates. As the pattern enters the trenches alignment takes place guided by the HSQ 
sidewalls. The alignment and registration of the Fe3O4 nanowires is shown for up to 2 
microns in HSQ trenches with a channel width of 265 nm. A total of 7 Fe3O4 nanowire 
features can be seen in the SEM image. The high resolution SEM image in Figure 
S5.7.20b shows well-defined Fe3O4 nanowire patterns from a 265 nm trench. 
a b 
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Figure S5.7.21. XPS survey spectrum of (a) Fe3O4 nanowires and (b) γ-Al2O3 nanowires 
formed via spin coating of metal nitrate-ethanolic solutions on porous PS-b-P4VP BCP 
followed by UV/O3 for 3 hours.  
 
Figure S5.7.22. High resolution XPS spectra of O 1s region from (a) Fe3O4 nanowires 
and (b) γ-Al2O3 nanowires. 
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6.1. Abstract 
The directed self-assembly (DSA) of block copolymer (BCP) materials in 
topographically patterned substrates (i.e. graphoepitaxy) is a potential methodology for 
the continued scaling of nanoelectronic device technologies. In this chapter, we detail an 
unusual feature size variation in BCP nanodomains under confinement with 
graphoepitaxially aligned cylinder-forming poly(styrene)-block-poly(4-vinylpyridine) 
(PS-b-P4VP) BCP. Graphoepitaxy of PS-b-P4VP BCP line patterns (CII) was 
accomplished via topography in hydrogen silsequioxane (HSQ) modified substrates and 
solvent vapor annealing (SVA). Interestingly, reduced domain sizes in features close to 
the HSQ guiding features were observed. The feature size reduction was evident after 
inclusion of alumina into the P4VP domains followed by pattern transfer to the silicon 
(Si) substrate. We suggest that this nanodomain size perturbation is due to solvent 
swelling effects during SVA. We propose that using a commensurability value close to 
the solvent vapor annealed periodicity will alleviate this issue leading to uniform 
nanofins.  
 
6.2. Introduction 
Microphase separation of di-block copolymers (di-BCPs) can form sub-20 nm arrays of 
spherical, cylindrical, gyroidal and lamellar geometries that have potential in electronic, 
environmental and energy applications.1-4 In particular, BCP materials are of significant 
interest to chip manufacturers for use as on-chip etch masks for patterning future 
nanoelectronic circuitry.5,6 In order to align (to a substrate direction) the randomly 
oriented domain structures that result from microphase separation and, thus, allow the 
formation of the periodic arrangements needed for development of advanced device 
technologies such as Fin-type field-effect transistors (FinFETs),7 directed self-assembly 
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(DSA) is required. DSA is an absolute pre-requisite to attain the low defect density and 
overlay accuracy required for industrial integration.8 
 
BCP self-assembly can be directed via pre-patterned chemical patterns 
(chemoepitaxy)9,10 or using topographical patterns (graphoepitaxy).11,12  Graphoepitaxy 
has been exploited in many BCP systems such as PS-b-PMMA (PS-b-polymethyl 
methacrylate),13,14  PS-b-PDMS (PS-b-polydimethylsiloxane)15,16 and PS-b-PVP.17,18 
DSA of BCP thin films through both thermal annealing19 and solvent vapor annealing20 
(SVA) has been studied extensively and attention is being given to the selective removal 
of block components21,22 or the inclusion of etch contrast agents to facilitate pattern 
transfer.23 
 
Pattern transfer of BCP etch masks is probably the least studied aspect of published 
nanolithography work but is paramount for obtaining uniform integrated circuit 
elements.24,25 This is particularly true for BCP materials with a high Flory-Huggins 
interaction parameter (χ) such as the PS-b-PVP systems (χ = 0.18 for PS-b-P2VP) since 
they can display low domain sizes.26,27 This chapter describes an important observation 
for graphoepitaxially aligned line space features of PS-b-P4VP (24 kg mol-1 – 9.5 kg mol-
1) BCP system which suggests that SVA of graphoepitaxially aligned patterns may be 
more complex than often considered.  
   
6.3. Experimental 
Solvents. Acetone (ACS reagent, ≥99.5%) chloroform (for HPLC, ≥99.9%, contains 0.5-
1.0% ethanol as stabilizer), iso-propyl alcohol (LC-MS CHROMASOLV), ethanol 
(dehydrated, 200 proof), Tetrahydrofuran (inhibitor-free, CHROMASOLV Plus, for 
Chapter 6: Solvent vapor annealing of block copolymers in confined topographies: commensurability 
considerations for nanolithography 2015 
 
223 
 
HPLC, ≥99.9%), Toluene (CHROMASOLV, for HPLC, 99.9%), were purchased from 
Sigma-Aldrich and used without further purification. De-ionized water was used 
wherever necessary. 
General Methods. 
Hydrogen silsequioxane (HSQ) substrate preparation. Ten × 10 mm bulk Si ⟨100⟩ 
oriented substrates (nominal resistivity 0.001 Ω cm) were employed and were first 
patterned using a HSQ Electron Beam Lithography (Raith e-LiNE plus) process. The 
substrates were initially degreased via ultrasonication in acetone and iso-propanol (IPA) 
solutions (2 × 2 min), dried in ﬂowing nitrogen gas and baked for 2 minutes at 393 K in 
an ambient atmosphere to remove any residual IPA. The substrates were then spin coated 
with a 2.4 wt % solution of HSQ (XR-1541 Dow Corning Corp.) in MIBK 
(methylisobutyl ketone) to produce a ∼50 nm ﬁlm of HSQ. The wafer was subsequently 
baked at 393 K in an ambient atmosphere for 3 minutes prior to transfer to the EBL 
system for exposure. HSQ arrays of 50 nm wide lines at pitches of (32n + 50) nm were 
exposed, where n is an integer and 0 < n < 8. Note that 32 was chosen as this is the 
repeating period of the PS-b-P4VP microdomains. Following electron beam exposure 
the samples were developed in an aqueous solution of 0.25 M NaOH, 0.7 M NaCl for 15 
seconds, followed by rinsing in ﬂowing DI water for 60 seconds and 15 seconds rinse in 
IPA. A process flow is shown in the appendix for HSQ fabrication. The samples were 
then blown dry in ﬂowing nitrogen gas. HSQ gratings were fabricated at pitches of ~110, 
145, 175, 205, 240, 270 and 300 nm (i.e. n = 2, 3, 4, 5, 6, 7 and 8). The HSQ dimensions, 
PS-b-P4VP and alumina feature size, domain sizes etc. were measured through analysis 
of SEM and TEM images using ImageJ software. Note that the 265 nm (n = 8.28) HSQ 
grating value was higher than the expected 256 nm (n = 8) and this variation can be 
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attributed to a higher exposure dose. Larger HSQ channels were also fabricated at 285 
nm and 350 nm as detailed below.  
PS-b-P4VP BCP thin film deposition, solvent vapor annealing and film 
“activation”. Poly(styrene)-block-poly(4-vinylpyridine) was purchased from Polymer 
Source, Inc., Canada, with a molecular weight of Mn = 33.5 kg mol−1 (MnPS = 24 kg 
mol−1; MnP4VP = 9.5 kg mol−1, fPS = 0.70), a polydispersity (Mw/Mn) of 1.15 (where, Mn 
and Mw are number average and weight average molecular weights) and was used as 
received. Solutions of 0.5 weight % PS-b-P4VP BCP were prepared in toluene/THF 
(80:20). The solutions were left stirring for 12 hours to ensure complete dissolution. Prior 
to spin coating planar Si or HSQ substrates were sonicated for 20 minutes with acetone. 
The substrates were then rinsed in acetone and blown dry with nitrogen. Spin coating of 
the PS-b-P4VP solution was carried out at 3200 rpm for 30 seconds. Solvent vapor 
annealing was carried out in the conventional manner with a small vial containing 8–10 
ml of chloroform placed inside a glass jar (150 ml) with PS-b-P4VP sample for ~ 2 hours 
(room temperature ~ 290 K). After removing samples and leaving excess solvent to 
evaporate, the solvent vapor annealed films (with a thickness of 25 nm) were further 
exposed to ethanol vapors for surface reconstruction. In order to create a nanoporous PS-
b-P4VP film for metal-salt inclusion, films were exposed to ethanol vapors for 
“activation”. Conventional solvent vapor annealing was carried out by placing the self-
assembled PS-b-P4VP film in a jar containing a vial with ~8 ml of ethanol solvent. Films 
were exposed to the ethanol vapors for 15-20 minutes. The films were then removed and 
left to dry/deswell at room temperature (~ 290 K). The resulting nanoporous line pattern 
was subsequently spin coated with the aluminium nitrate ethanol solution as described 
below. 
 
Chapter 6: Solvent vapor annealing of block copolymers in confined topographies: commensurability 
considerations for nanolithography 2015 
 
225 
 
Metal oxide (alumina) nanowire fabrication. Al(NO3)3.9H2O (aluminium nitrate 
nonahydrate, ACS reagent, ≥98%) was employed as the metal nitrate salt precursor for 
inclusion to act as a hardmask (etchstop). Solutions of 0.4 weight % Al(NO3)3.9H2O were 
prepared in ethanol and spin-coated on to the ethanol reconstructed  samples at 3200 rpm 
for 30 seconds. Ultraviolet/ozone (UV/O3) treatment was used to oxidize the precursor 
and remove polymer. Samples were UV/O3 treated in a UV/ozone system (PSD Pro 
Series Digital UV Ozone System; Novascan Technologies, Inc., USA). 
Pattern Transfer Etch Procedure. An STS, Advanced Oxide Etch (AOE) ICP etcher 
was used to pattern transfer alumina nanowires to the underlying Si substrate. Nanofin 
fabrication was carried out by using a controlled gas mixture of C4F8/SF6 at ﬂow rates of 
90 sccm/30 sccm and the ICP and RIE power were set to 600 W and 15 W respectively 
at a chamber pressure of 15 mTorr. Alumina nanowires were etched using C4F8/SF6 Si 
etch recipe. Nanofins shown in Figure 6.2.c,d, Figure 6.3. and Figure 6.4. result from a 
Si etch of 1 minute and 30 seconds. Nanofins shown in Figure 4 were fabricated after 
using the Si etch for 2 minutes. Note that most of the original HSQ material has been 
consumed during the etching process and is indicated in TEM images to show initial 
placement for the reader.  
Instrumentation and Characterization. Block copolymer film thicknesses were 
measured with a spectroscopic ellipsometer “J.A. Woollam Ellipsometer” at a fixed 
angle of incidence of 70°, on at least three different places on the sample and was 
averaged as the film thickness. A two layer model (SiO2 + PS-b-P4VP) for total BCP 
film was used to simulate experimental data. Scanning Electron Microscopy (SEM) 
images were obtained by a FEI Helios Nanolab 600i system at an accelerating voltage of 
5 kV and at a working distance of 4 mm. Transmission Electron Microscopy (TEM) 
lamella specimen were prepared using the Helios NanoLab DB FIB. FIB samples were 
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analysed by JEOL 2100 high resolution transmission electron microscope operating at 
an accelerating voltage of 200 kV.  
 
6.4. Results and Discussion 
Figure 6.1 outlines the process for fabricating Si nanofins directed in HSQ trenches. Self-
assembly of PS-b-P4VP BCP thin films was induced via SVA in a chloroform 
atmosphere at room temperature (~ 290 K). P4VP cylinders were orientated parallel (CII) 
to the substrate, forming “fingerprint” patterns with a 32 nm periodicity. P4VP cylinder 
dimensions were measured at 20 nm. These patterns were guided and aligned in HSQ 
trenches of varying pitch (the nominal HSQ pitch was (32n + 50) nm where n is an integer 
and 0 < n < 8). An ethanol vapor treatment was employed to “activate” the PS-b-P4VP 
thin film creating a nanoporous structure.28,29 This process introduces free volume to 
assist the salt inclusion process.30,31 The selective inclusion of the salt into the P4VP 
block of the “activated” nanoporous films was achieved via spin coating of an ethanolic 
solution of aluminium nitrate. Following deposition of the metal-salt ethanolic precursor, 
UV/O3 exposure was carried out for 3 hours leading to the formation of γ-Al2O3 (alumina) 
nanowires at the substrate surface.  
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Figure 6.1. Outline of the swelling phenomenon occurring during solvent vapor 
annealing of PS-b-P4VP BCP graphoepitaxially aligned by HSQ gratings and fabrication 
of Si nanofins from side-view perspective. (a) Spin coated PS-b-P4VP BCP film, note 
that ordered equilibrium structures are shown for simplicity. CW = channel width, DS = 
domain spacing, r = cylinder radius and s = half cylinder edge to cylinder edge distance. 
BCP film shows majority PS (blue) matrix and minority P4VP cylinders (red). (b) 
Swelling of film and expansion when exposed to chloroform during solvent vapor 
annealing. (c) PS-b-P4VP Film after release of solvent vapor. (d) Exposure to ethanol 
vapor for 20 minutes during “activation” step to form a nanoporous structure, i.e. creating 
swollen P4VP domains (light green). (e) Fabrication of alumina (dark green) nanowires 
after spin coating of aluminium nitrate ethanol precursor on nanoporous PS-b-P4VP film 
followed by UV/O3. (f) Pattern transfer of alumina nanowire hardmask (etchstop) using 
dry etch procedure to underlying Si. 
 
Figure 6.2a shows uniform alumina nanowires after metal-oxide inclusion on an open 
area of the patterned HSQ substrate. Figure 6.2.b displays a top-down SEM image of 
alumina nanowires graphoepitaxially aligned within ~ 50 nm HSQ gratings with channel 
widths of ~ 265 nm. Seven alumina nanowire features mimicking the original P4VP 
structure can be seen. Si nanofins resulting from pattern transfer of the alumina  
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Figure 6.2. Top-down SEM image of (a) large open area of alumina nanowires and (b) 
alignment of alumina nanowires within channel widths of ~ 265 nm. Green bars represent 
the alumina nanowires while yellow bars represent the guiding HSQ gratings, see (Figure 
6.1.E), (c) open area of Si nanofins following plasma etching of the alumina nanowires 
on the HSQ patterned Si substrate surface and (d) area of aligned Si nanofins within ~50 
nm HSQ gratings with channel widths of ~265 nm. Note that green bars in (d) represent 
Si nanofins with alumina mask present on top, see Figure 6.1.F. It is evident that the 
nanofins closer to the sidewalls are smaller in diameter. 
 
nanowire hardmask from an open area of the HSQ patterned substrate are shown in figure 
6.2.c. Figure 6.2.d shows a top-down SEM image corresponding to Si nanofins fabricated 
from pattern transfer of DSA graphoepitaxy features. Etch recipes for pattern transfer are 
detailed in the experimental section. It is clear from Figure 6.2.d that the nanofins closest 
to the sidewall are considerably smaller in feature size than the five nanofins in the centre 
of the channel (feature sizes of 6 and 12 nm respectively).  
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The occurrence of this reduction in feature sizes was observed in several areas of HSQ 
arrays (10 x 10 micron each) and across varying HSQ periodicities (>100 nm). Figure 
6.3 displays top-down SEM images of Si nanofins in 128 nm and 224 nm channel widths 
where sidewall nanofin feature size reduction is evident. 
 
 
Figure 6.3. Top-down SEM image of (a) 3 Si nanofins within 128 nm HSQ gratings and 
(b) 6 Si nanofins within 224 nm HSQ gratings. Nanofins aligned next to the HSQ gratings 
show reduced feature sizes in comparison to the remaining Si nanofins. Green lines in 
(a) represent Si nanofins with alumina mask present on top. Arrows in (a) and (b) point 
to the reduced feature sizes of nanofins next to HSQ gratings. 
 
As mentioned, this is in contrast to the uniform nanofins made on planar substrate areas, 
as there is no variation in feature size (figure 6.2.c). Also, there was no variation in 
feature size observed with Si etch time. Corresponding TEM data of the Si nanofins from 
the ~ 265 nm arrays (Figure 6.2.d) are displayed in Figure 6.4. following pattern transfer 
to the substrate and it is clear that the alumina nanowires closest to the HSQ sidewalls 
have produced deeper Si nanofins (up to ~ 15 nm) than the nanofins at the centre of the 
channel, which is consistent with enhanced etching in the more confined space.  
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Figure 6.4. (a) Cross-section TEM image of large area of Si nanofins following pattern 
transfer of alumina nanowire hardmask in channel widths of ~ 265 nm and 50 nm HSQ 
gratings. (b) High resolution TEM image of Si nanofins between HSQ gratings where 
the reduced Si nanofin feature size and increased etch depth at the HSQ sidewalls is 
evident. 
 
To further show that this feature size variation was not a direct result of either the etch 
procedure or geometry related etch effects, we show data for pattern transfer of the BCP 
metal oxide enhanced structures formed in channels of ~ 285 nm and ~ 350 nm 
respectively (Figures 6.5.a and 6.5.b). These widths are too large for good DSA and a 
non-aligned arrangement is observed. An indicative TEM image is displayed in figure 4c 
of Si nanofins fabricated via pattern transfer (350 nm channels) in confinement of aligned 
patterns only.  
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Figure 6.5. Top-down SEM images of Si nanofins in HSQ trenches of (a) ~ 285 nm and 
(b) ~ 350 nm respectively. (c) Cross-section TEM of Si nanofins fabricated from alumina 
nanowires acting as a hardmask in HSQ trenches. Arrows in (c) indicate where HSQ 
gratings were prior to etching.  
 
To explain the observations we suggest that the solvent swelling that occurs during SVA 
is the cause of these complex structures. The dimensions of the channels were set 
according to the dimensions of the pattern seen on planar surfaces after solvent induced 
microphase separation. This is explained in Figure 6.1A and is set at number of domain 
spacings (DS) plus 2(r+s) where r = cylinder radius and s = half cylinder edge to cylinder 
edge distance.  Thus, the guiding channels employed were set at 32n (where 0 > n > 8) 
nm. Whilst this approach is established for thermally annealed systems where polymer 
expansion is limited, in SVA there is a considerable expansion due to solvent swelling 
and this results in both film expansion and non-ideal feature spacing (Figure 6.1.B). The 
expansion might result in curvature at the side walls in the plane of the cylinders to allow 
optimum cylinder separation and also due to sidewall-polymer interfacial interactions. 
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We have shown previously that removal from the solvent atmosphere results in rapid 
film shrinkage and residual material at sidewalls as the solvent front moves rapidly 
through the film.32 A direct result is a change in cylinder shape from a cylindrical to an 
elliptical cross-section.33,34 The shape of the film in the channel results in a tilt of the 
cylinders close to the sidewall after the release of solvent following SVA (Figure 6.1.C). 
In certain instances, this might result in polymer being isolated at the top of the channel 
walls due to the additional binding at these edge sites.  In Figure 6.1.D, ethanol is used 
to selectively swell the P4VP domains (see experimental for details) to create a 
nanoporous matrix assisting the metal-salt inclusion technique. In Figure 6.1.E the results 
of metal ion oxidation and polymer removal can be seen and in particular reduction of 
the alumina dimensions because of the smaller footprint (due to elliptical tilting and also 
partial volume reduction with material remaining at the edge of the mesa) of the P4VP 
derived feature. On pattern transfer (Figure 6.1.F), the narrow alumina features provide 
thinner Si features. Also because of the smaller dimensions, an enhanced etch rate 
(compared to the larger features) is observed due to gas confinement and aspect-ratio 
dependent etching (ARDE). It is quite apparent that the features are not only narrower 
but deeper into the substrate from TEM data (figure 6.4.). The enhanced etching of Si 
material near the HSQ gratings in figure 6.4 may be a direct result of the wider 
dimensions of the HSQ itself (with respect to the alumina nanowires). Furthermore, 
ARDE and other plasma issues are visible at the larger alumina features as these have 
produced a smaller aspect ratio in comparison to the sidewall alumina features. One can 
see that the proximity of the larger alumina mask features has resulted in a slower etch. 
The non-uniformity of the resultant Si etch that has led to an enhanced etching rate at the 
edges may be due to micro-trenching at the larger HSQ features and could be alleviated 
through process flows integrating passivation methods. Employing passivated Si etches 
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(e.g. pulsed-mode or mixed mode) can improve anisotropy of the Si etch35 while 
protecting sidewall features.  
  
6.5. Conclusions 
The work presented in this chapter has significant importance in the application of BCP 
methods for producing ultra-fine features at substrates requiring the use of polymers that 
can only be annealed by solvent treatment.  In nanolithography, methods must be 
developed that not only produce translational periodicity but also precisely and 
reproducibly create features of uniform dimensions. This work suggests feature size 
variation may be more challenging than expected. In order to alleviate the issues 
observed we believe trenches that are larger than the ideal commensurability (domain 
periodicity) of the BCP may be needed to allow for extra swelling. The additional 
“expansion” volume will be dependent on the degree of swelling which will be related 
to the solvent-polymer interactions, vapor pressure and temperature.  
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6.7. Appendix – Chapter 6 
 
Solvent vapor annealing of block copolymers in confined topographies: 
commensurability considerations for nanolithography 
 
 
 
Figure S6.7.1. Preparation of HSQ patterned substrates via spin coating and electron 
beam lithography. 
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Figure S6.7.2. Top-down SEM image of large scale area of HSQ gratings with 128 nm 
channel widths. Inset shows high resolution SEM image of HSQ gratings after 
fabrication.  
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7.1. Abstract 
High-mobility materials and non-traditional device architectures are of key interest in the 
semiconductor industry because of the need to achieve higher computing speed and low 
power consumption. In this chapter, we present an integrated approach using directed 
self-assembly (DSA) of block copolymers (BCPs) to form aligned line-space features 
through graphoepitaxy on germanium on insulator (GeOI) substrates.  Ge is an example 
of a high mobility material (III-V, II-VI) where the chemical activity of the surface and 
its composition sensitivity to etch processing offers considerable challenges in 
fabrication compared to silicon (Si). We believe the methods described here afford an 
opportunity to develop ultra-small dimension patterns from these important high-
mobility materials. High quality metal oxide enhanced pattern transfer to Ge is 
demonstrated for the realization of nanofins with sub-10 nm feature size. Graphoepitaxial 
alignment of a poly(styrene)-block-poly(4-vinylpyridine) PS-b-P4VP BCP was achieved 
using pre-defined HSQ topography at a GeOI substrate. PS-b-P4VP was spin-coated onto 
the substrate and solvent vapor annealed to affect microphase separation. Subsequent 
impregnation of the aligned BCP templates with a salt precursor “in-situ” and simple 
processing was used to generate robust metal oxide nanowire (e.g. Fe3O4, γ-Al2O3, and 
HfO2) hardmask arrays. Optimized plasma based dry etching of the oxide modified 
substrate allowed the formation of high aspect ratio Ge nanofin features within the HSQ 
topographical structure. We believe the methodology developed has significant potential 
for high resolution device patterning of high mobility semiconductors. We envision that 
the aligned Ge nanofin arrays prepared here via graphoepitaxy might have application as 
a replacement channel material for complementary metal–oxide–semiconductor 
(CMOS) devices and integrated circuit (IC) technology. Furthermore, the low capital 
required to produce Ge nanostructures with DSA technology may be an attractive route 
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to address technological and economic challenges facing the nanoelectronic and 
semiconductor industry.    
 
7.2. Introduction 
With the inherent ability to form uniform periodically arranged nanoscale features, 
microphase separated BCPs have been under intense scrutiny as on-chip etch masks for 
patterning device relevant geometries (e.g. bends, junctions).1 Microphase separation 
occurs due to the thermodynamic incompatibility between constituent blocks (A and B) 
of a di-BCP as represented by the dimensionless parameter, χ (Flory-Huggins interaction 
parameter).2 The degree of polymerization (N) is the number of monomers forming the 
polymer chain and offers control of the periodicity of the resulting BCP microdomains.3 
Likewise, tailoring the volume fraction (f) of respective blocks allows different 
morphologies to be attained, namely lamellae, gyroidal, cylindrical and finally spherical 
as fA reduces from 0.5. With the need to achieve low feature sizes and pitches for ever 
decreasing technology nodes, “high χ” materials are required to allow a relatively high 
segregation strength χ.N (> 10.5) as this enables ordered equilibrium morphologies to 
form.4 DSA methodologies (namely chemoepitaxy and graphoepitaxy) over the past 
decade have primarily been demonstrated on silicon substrates using “first generation 
material” PS-b-PMMA BCP systems.5,6 Demonstrations on 300 mm wafer scale pilot 
processes have recently been reported.7-9 Two concerning issues for PS-b-PMMA are the 
minimum feature size attainable due to its’ low χ (0.04)10 and limited etch contrast 
between the organic blocks reducing pattern transfer fidelity. 
 
In this regard, “high χ” BCP materials such as PS-b-PDMS (χ~0.26), PS-b-PxVPs (x= 2 
or 4, PS-b-P2VP χ~0.18), and PS-b-PLA (χ~0.21), are extremely attractive for reaching 
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ultra-small features and have dominated recent literature.11-15 Moreover, methodologies 
to selectively infiltrate and subsequently enhance microdomain etch contrast in neat self-
assembled BCPs is now an area of considerable interest. In particular, sequential 
infiltration synthesis (i.e. SIS) has been documented for achieving high-aspect (1:10) 
ratio silicon features from alumina infiltrated PS-b-PMMA.16,17 Likewise, metal oxide 
inclusion has been reported to significantly enhance “activated” PS-b-PEO and PS-b-
P4VP BCP systems for Si nanofeature fabrication.18-21  
 
In order to extend the relentless dimensional scaling of semiconductor features (i.e. 
Moore’s Law) to the deep nanoscale regime (< 10 nm), employing DSA of BCP 
nanopatterns has emerged as a cost-effective route to controllably fabricate device-
relevant features on a wafer scale level. In parallel to research on the efficacy and 
integration of patterning technologies (e.g. DSA, extreme ultraviolet, electron-beam 
lithography, nanoimprint lithography), non-Si based materials such as graphene,22-26 
Ge,27 carbon nanotubes,28 and III-V29 have received significant attention for improved 
nanoelectronic device function mainly owing to their superior electrical properties. In 
particular, Ge has been suggested as a possible replacement material for MOSFETs to 
overcome future short channel effects which reduce device speed. Ge shares similar 
properties to its group IV neighbor Si, which makes a near term integration of a Si/Ge 
device possible or a complete replacement of Si channels viable in the future. Ge 
possesses a larger Bohr exciton radius (~ 24.3 nm) to Si (~ 4.9 nm)30 consequently 
enhancing quantum effects, and Ge notably has higher electron and hole mobilities (3900 
cm2/V.s, 1900 cm2/V.s) compared to Si (1500 cm2/V.s , 450 cm2/V.s)31 thus potentially 
increasing electronic device speed. However, its’ brittleness, reactivity and unstable 
native oxides are serious areas of concern for device integration. If convenient process 
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methods could be developed for the fabrication of high-mobility Ge devices using a GeOI 
platform, this would represent significant progress towards next-generation IC 
technologies.32 The work reported here is a synergistic approach combining DSA of a 
high χ BCP material and an inclusion methodology to pattern transfer to GeOI substrates. 
To the best of our knowledge, there are no reports to date on the graphoepitaxial 
alignment of a high χ BCP and pattern transfer on Ge surfaces (bulk or GeOI). We have 
reported the thermal evaporation of Ge on porous BCP templates,33 however the present 
work achieves well-defined structures of importance for current Si transistor 
architectures based on Fin-FET designs.  
 
7.3. Experimental 
Materials. Poly(styrene)-block-Poly(4-vinylpyridine) (referred to as PS-b-P4VP 
BCP) was purchased from Polymer Source, Inc., Canada, with a molecular weight 
of Mn = 33.5 kg mol−1 (MnPS = 24 kg mol−1; MnP4VP = 9.5 kg mol−1, fPS = 0.70), a 
polydispersity (Mw/Mn) of 1.15 (where, Mn and Mw are number average and 
weight average molecular weights) and was used as received. Fe2(NO3)3.9H2O 
(Iron (III) nitrate nonahydrate), Al(NO3)3.9H2O (aluminium nitrate nonahydrate, 
ACS reagent, ≥98%), HfCl4 (hafnium(IV) chloride, 98%) chloroform (for HPLC, 
≥99.9%, contains 0.5-1.0% ethanol as stabilizer), Tetrahydrofuran (inhibitor-free, 
CHROMASOLV Plus, for HPLC, ≥99.9%), Toluene (CHROMASOLV, for 
HPLC, 99.9%), ethanol (dehydrated, 200 proof) were purchased from Sigma-
Aldrich and used without further purification unless otherwise stated. De-ionized 
(DI) water was used wherever necessary. 
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GeOI HSQ patterning. 
GeOI substrates were purchased from Soitech and consisted of a top layer of ~ 60 nm 
undoped Ge ⟨100⟩, a middle layer of SiO2 measured at ~ 160 nm, and a bottom layer of 
Si. Ten × 10 mm GeOI substrates, were used for all DSA experiments. The substrates 
were patterned using a HSQ electron-beam lithography (Raith e-LiNE plus) process prior 
to deposition of the PS-b-P4VP BCP. The substrates were initially degreased via 
ultrasonication in acetone and iso-propanol (IPA) solutions (2 × 2 min), dried in ﬂowing 
N2 gas and baked for 2 minutes at 393 K in an ambient atmosphere to remove any residual 
IPA. Substrates were treated with 0.74 M citric acid solution for 6 minutes to remove 
surface GeOx, rinsed thoroughly with DI and blown dry under N2. The substrates were 
immediately spin coated (2000 rpm, 33 seconds) with a 2.4 wt % solution of HSQ (XR-
1541 Dow Corning Corp.) in MIBK to produce a ∼50 nm ﬁlm of HSQ. The wafer was 
baked at 393 K in an ambient atmosphere for 3 minutes prior to transfer to the EBL 
system for exposure. Arrays of 50 nm wide lines at pitches of (32n + 50) nm were 
exposed, where n is an integer and 0 < n < 11. Note that 32 was chosen as this is close to 
the pitch of the PS-b-P4VP BCP employed. The basic electron dose employed was 
800 µC/cm2 and increased corresponding to larger trench sizes. Following electron beam 
exposure the samples were developed in an aqueous solution of 0.25 M NaOH, 0.7 M 
NaCl for 15 seconds, followed by rinsing in ﬂowing DI water for 60 seconds and 15 
seconds rinse in IPA. The samples were then blown dry in ﬂowing N2 gas. Note that 
channel widths of resulting prepatterns were measured at 192, 224, 265, 326, and 361 
nm respectively.  
GeOI substrate treatment, block copolymer film preparation and solvent 
vapor annealing. For removal of the GeOx layer, a recent approach was 
employed34 as follows. GeOI substrates were treated using a 1M citric acid 
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solution. Samples were rinsed in DI water for 5 seconds and then immersed in the 
1M citric acid solution for 1 minute. Substrates were removed and washed 
repeatedly in DI water, and blown dry with N2 gas. The PS-b-P4VP solution was 
then immediately spin coated on the citric acid treated GeOI substrate at 3200 rpm. 
The PS-b-P4VP solutions were made at 0.5 weight % concentration, and were 
prepared in toluene/THF (80:20). Solvent vapor annealing (SVA) was carried out 
in the conventional manner with a small vial containing 8–10 ml of chloroform 
placed inside a glass jar (150 ml) with PS-b-P4VP sample from 30 minutes to 3 
hours as reported previously by our group for SVA on silicon substrates. Samples 
were removed from the glass jars after the desired anneal time and allowed to 
evaporate the trapped solvent at ambient conditions. Note that the films did not 
exhibit any major swelling during SVA as the films were transparent throughout 
(same as spin cast). After solvent vapor annealing, the samples were “activated” 
via exposure to ethanol vapors at 50°C for 20 minutes to from a nanoporous 
matrix.  
 
Metal oxide nanowire hardmask fabrication. Fe2(NO3)3.9H2O, 
Al(NO3)3.9H2O, and HfCl4 solutions of 0.5 wt % were prepared in ethanol and 
spin-coated on to the ethanol “activated” samples for 30 seconds at 3200 rpm. 
UV/O3 treatment was carried out for 3 hours to oxidize the precursor and remove 
polymer. Samples were UV/O3 treated in a UV/ozone system (PSD Pro Series 
Digital UV Ozone System; Novascan Technologies, Inc., USA). The UV source 
is two low pressure mercury vapour grid lamps. Both lamps have an output current 
of 0.8–0.95 A and power of 65–100 W, as reported by the manufacturer, and have 
strong emissions at both wavelengths of UV radiation (184.9 nm and 253.7 nm). 
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The system produces highly reactive ozone gas from oxygen that is present within 
the chamber. 
Pattern transfer of metal oxide nanowire hardmask arrays to GeOI. 
An STS Multiplex ICP etcher was used for etching to pattern transfer the Fe3O4, γ-Al2O3, 
and HfO2 nanowire mask to the underlying GeOI substrate. CF4 was used for etching Ge 
with the metal oxide nanowires as etchmasks. Samples were etched for 9 seconds in total 
with CF4 gas only using a flow rate of 40 sccm, pressure of 10mTorr, and ICP power of 
400 W. RF power was set at 100 W. Note that the DC bias (and peak to peak voltage) on 
average for above runs was measured at ~ 355 V for peak to peak voltage of 1125 V.  
 
7.4. Results and discussion 
Figure 7.1 displays the process flow used for the fabrication of the Ge nanofins detailed 
in this chapter.  Native Ge oxide on GeOI surfaces was removed using a “green” 
approach of citric acid treatment based on previous work from these laboratories (Collins 
et al.34). The unstable native oxide of Ge is a major concern for its reintroduction to IC 
manufacture and the citric acid treatment is extremely effective for oxide removal and 
stabilization. The PS-b-P4VP BCP solution was spin-coated directly onto the passivated 
GeOI surface. Graphoepitaxially aligned self-assembled PS-b-P4VP line features were 
generated after solvent vapor annealing (SVA)35 in a chloroform atmosphere. SVA of 
the 25 nm polymer thin film was carried out in an atmosphere of chloroform at room 
temperature for 2 hours to induce self-assembly. We have previously established a 
protocol for this cylinder forming PS-b-P4VP system with cylinder in-plane (CII) 
orientation achieved when employing non-selective solvent swelling conditions.21  
 
Chapter 7: Parallel Arrays of Sub-10 nm Aligned Germanium Nanofins from an “In-situ” Metal Oxide 
Hardmask using Directed Self-Assembly of Block Copolymers 2015 
 
246 
 
 
Figure 7.1. A. GeOI substrate after HSQ (green) prepattern development for 
graphoepitaxy. B. PS-b-P4VP film after solvent vapor annealing producing aligned 
P4VP cylinders parallel to substrate. C. Activated PS-b-P4VP film after ethanol vapor 
exposure. D. Metal oxide nanowire hardmask after spin coating metal-salt precursor and 
successful metal ion oxidation and polymer template removal via UV/O3. E. Aligned Ge 
nanofin fabrication following pattern transfer of hardmask.  
 
Exposure of the self-assembled PS-b-P4VP patterns to hot ethanol resulted in porous 
channels that could be impregnated with metal oxide material. “Activation” (i.e. surface 
reconstruction)36,37 of P4VP domains through selective block swelling in ethanol vapors 
was carried out at 50°C, and SEM characterization was employed to analyze films. 
Figure 7.2a shows a top-down SEM image of open area of an “activated” PS-b-P4VP 
BCP film displaying line-space features with high uniformity. Pitch and P4VP 
microdomain dimensions of the fingerprint patterns were measured at 32.45 nm and 8.63 
nm respectively (see Appendix Figure S7.7.1) following SVA. Whilst hot ethanol 
immersion methods have been demonstrated to great effect,19,38 we have observed film 
destruction as discussed in previous work.21 Thus we have used hot ethanol vapors to 
create a near complete porous film. Parallel arrays of DSA of the “activated” PS-b-P4VP 
line-space features is displayed with high uniformity in Figure 1b-d. The SEM images 
shows strict registration of the graphoepitaxially aligned “activated” PS-b-P4VP cylinder 
structures with the HSQ sidewall features. A total of 6, 7 and 11 P4VP CII features are 
visible within 224 nm, 265 nm, and 361 nm channel widths respectively.  
 
Following the controlled development of porous templates, fabrication of metal oxide 
nanowires mimicking the original polymer pattern was achieved. As displayed in Figure 
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7.2e-h, Fe3O4 nanowires on GeOI were enabled within HSQ prepatterns after spin coating 
of a low weight percentage iron nitrate ethanolic precursor onto the “activated” PS-b-
P4VP template. An open area of Fe3O4 nanowires on a GeOI substrate can be seen in the 
SEM image in Figure 7.2e. The high-resolution SEM image reveals nanowires that 
display a high level of regularity and uniformity. For pattern transfer lithography 
purposes, this is essential to avoid transferring any roughness or non-uniformity of the 
hardmask to the underlying substrate. The pitch and nanowire dimensions were 
comparable to the reconstructed films at 32.22 nm and 10.31 nm respectively. We 
elucidated the chemical composition of the iron nitrate precursor through XPS and Figure 
S7.7.2 shows confirmation of Fe3O4 formation on GeOI. Figure 7.2f-h shows 6, 7, and 
11 Fe3O4 nanowires aligned within HSQ pre-patterns replicating the original “activated” 
PS-b-P4VP line-space features (Figure 7.2b-d). It can be seen that the precise nanowire 
feature positional accuracy and registration of Fe3O4 material is consistent with aims to 
enhance current state-of-the-art IC patterning towards sub-10 nm features. The SEM 
images reveal that there is no P4VP wetting layer at the HSQ sidewalls allowing 
individually aligned nanowires to form. Substrate surface treatment or sidewall polymer 
brush modifications were not necessary to overcome interfacial effects. The neutrality of 
this cylinder forming PS-b-P4VP BCP system overcomes any previously outlined issues 
with selective wetting of polymer blocks at HSQ sidewalls such as PDMS containing 
BCPs in HSQ based prepatterns as described by Hobbs et al.39 There is some indication 
of a Fe3O4 wetting layer (~ 2 nm in thickness) after the inclusion step as displayed in the 
TEM image in Figure 7.2i. 
 
There is possible evidence of hardened HSQ between Fe3O4 nanowires and along surface 
of HSQ material. This extends across the channel base and the mesas (HSQ prepatterns). 
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However, the nature of this layer remains uncertain. The possibility of forming such a 
regular wetting layer without forming cylinders would seem unlikely. There is also the 
possibility of surface scattering effects that can lead to these apparent layers. We also 
note the possibility of the UV/O3 treatment forming dense silica from the HSQ. The 
origin of this layer is under strict investigation. However, whatever its cause, it is clear 
that the etch procedure can “punch” through the residual surface layer. We also believe 
there is a residual HSQ layer at the substrate interface as discussed below. 
  
 
Figure 7.2. Top-down SEM images of (a) open area of porous “activated” PS-b-P4VP 
films. (b) – (d) display graphoepitaxial alignment of “activated” features in HSQ 
prepatterns of 224 nm, 265 nm and 361 nm channel widths respectively. SEM images in 
(e)-(h) show corresponding Fe3O4 nanowire hardmask features after metal oxide 
inclusion in open areas and within HSQ prepatterns. All scale bars represent 250 nm. (i) 
Cross-section TEM image of Fe3O4 nanowire hardmask features in HSQ prepattern of 
361 nm channel widths [i.e. image (h)]. Scale bar is 50 nm. Note there is evidence of a 
residual HSQ layer (between white lines).  
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Note that the graphoepitaxial alignment of PS-b-P4VP and metal oxide inclusion was 
also carried out on bulk Ge substrates and large scale alignment were achieved with 
greater than 5 micron long features (see Figure S7.7.3).  
 
Figure 7.3b displays a top-down image of parallel arrays of 11 Ge nanofins within HSQ 
prepatterns following pattern transfer. A highly selective etch was employed using 
carbon tetrafluoride (CF4) gas only.40 The Ge nanofins displayed in the TEM image in  
 
Figure 7.3. (a) Shows cross-section profile of aligned Ge nanofins following pattern 
transfer. (b) top-down SEM image of parallel arrays of pattern transferred Ge nanofins 
in channel widths of 361 nm. (c)-(e) Low resolution and high-resolution TEM images of 
graphoepitaxially aligned Ge nanofin structures corresponding to (b).  
 
Figure 7.3c were fabricated after plasma etching of Ge for a total of 9 seconds. An initial 
shorter etch (3 seconds) revealed little removal of Ge material (see Figure S7.7.4). 
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However on continued etching with CF4, aspect ratios of 1 : 3.5 were achieved within 
HSQ prepatterns as seen in the TEM data in Figure 7.3c, d and e. Feature sizes and etch 
depths were measured at ~ 9 nm and ~ 31 nm respectively. The high dimensional control 
of the etch process is clearly evident. Interestingly, attempted chlorine based etch 
processes did not result in any etching of Ge. We believe this may be due to the residual 
HSQ material as seen in the TEM image in Figure 7.2i at the substrate interface between 
nanowire hardmask features and the Ge layer. Therefore, Cl2 plasma is unable to 
successfully etch the residual HSQ layer and pattern transfer the nanowire template to 
the Ge layer. In contrast, CF4 is well known to consume HSQ material39 and thus rapidly 
etches the HSQ material at the substrate surface and enables Ge etching to take place. 
Further surface studies are required to gain insight into the mechanism. Overall, the issue 
was circumvented through employing alternative plasma etch chemistries allowing the 
creation of Ge nanofins. Also, whilst we demonstrate Ge nanostructures of application 
for Fin-FET based devices, further etching or thinner Ge thicknesses would enable the 
fabrication of Ge nanowires for other technological application.  
 
In order to show the efficacy and robustness of the methodology outlined above we have 
employed aluminum and hafnium precursors as hardmask materials to pattern high-
aspect ratio (1:6) Ge features on planar GeOI substrates. Figure 7.4a and b display top-
down SEM images of alumina (γ-Al2O3) and hafnia (HfO2) nanowire arrays with large 
scale coverage on GeOI substrates. The γ-Al2O3 and HfO2 nanowires were fabricated 
using ethanolic based precursors as the Fe3O4 nanowire hardmask arrays discussed 
above. High resolution XPS of Al 2p and Hf 4f are shown in insets in Figure 7.4a and b 
respectively confirming the presence of γ-Al2O3 and HfO2. The survey and high-
resolution oxygen spectrum of both samples are shown and discussed further in Figure 
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S7.7.5. The inclusion of semiconductor and high-k dielectric hardmask material in this 
simple reproducible process is advantageous for device processing considerations where 
industrial fabrication compatibility is essential. The spin-coating processes address 
scalability and throughput level that are paramount for high volume manufacturing 
(HVM) and very large scale integration (VLSI). Additionally, all steps for the fabrication 
of Ge nanofins were carried out at room temperature (290K). Ge etching using CF4 for 9 
seconds was carried out for the pattern transfer of the γ-Al2O3 and HfO2 hardmask  
 
Figure 7.4. Top-down SEM images of γ-Al2O3 nanowire (a) and HfO2 nanowire (b) 
arrays following metal-salt inclusion process. Insets in (a) and (b) show high resolution 
XPS scans for Al 2p and Hf 4f peaks. Top-down SEM of Ge nanofins following pattern 
transfer with (c) γ-Al2O3 nanowire hardmask and (d) HfO2 nanowire hardmask. 
Corresponding cross-section SEM images in (e) and (f) reveal high uniformity of Ge 
nanofin structures. Main scale bars represent 250 nm whilst insets are 50 nm.  
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nanowires to the underlying GeOI. Well-defined Ge nanofins were produced as shown 
from top-down SEM images in Figure 7.4c (γ-Al2O3) and Figure 7.4d (HfO2) with good 
uniformity. Moreover, the cross-section SEM images displayed in Figure 7.4e and f 
reveal well-defined Ge nanofins from γ-Al2O3 (Figure 7.4e) and HfO2 (Figure 7.4f) 
nanowire hardmasks. Clear evidence is revealed in the images of vertical and lateral 
dimensional control owing to the robustness of the etch mask and high selectivity of the 
dry etching process. The vertical profile of the Ge nanofins is also evident in the inset of 
each cross-section SEM views. Feature sizes were measured at 9 nm while depths were 
measured at 55 nm, i.e. an aspect ratio of 1:6.  
 
7.5. Conclusions 
In summary, we have presented a robust process flow for the fabrication of well-defined 
high-aspect ratio sub-10 nm Ge nanofin feature sizes with vertical and lateral 
dimensional control. This chapter demonstrates the level of accuracy in which a high χ 
material could be used to template passivated GeOI substrate surfaces. Distinct and 
isolated Fe3O4, γ-Al2O3 and HfO2 nanowire hardmask arrays were also shown at GeOI 
substrate surfaces and were found to perform as excellent hardmasks for pattern transfer 
with each exhibiting similar efficacy. Highly selective dry etch procedures were 
employed to pattern transfer the on-chip etch masks to the underlying GeOI substrate to 
generate Ge nanofins. More significantly, the self-assembly of PS-b-P4VP cylinders 
lying in-plane (CII), and selective P4VP infiltration with metal oxide material were all 
demonstrated with high reproducibility using a topographical DSA methodology. 
Graphoepitaxial HSQ prepatterns were fabricated using top-down electron-beam 
lithography to allow alignment and registration of cylinder forming PS-b-P4VP line-
space features. Subsequent metal oxide nanowire fabrication and optimized etch time 
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and chemistry enabled high-aspect ratio Ge nanofins to be achieved in graphoepitaxy 
trenches. Overall, the work emphasizes the possibility to realize next-generation 
electronic devices based on GeOI material through DSA of BCP technology for HVM 
and VLSI device designs. 
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7.7. Appendix – Chapter 7 
Parallel Arrays of Sub-10 nm Aligned Germanium Nanofins from an “In-situ” 
Metal Oxide Hardmask using Directed Self-Assembly of Block Copolymers 
 
Figure S7.7.1. Graphs showing (a) P4VP microdomain feature size following 
“activation”, (b) P4VP pitch dimensions following “activation”, (c) feature size of iron 
oxide nanowires following iron oxide inclusion step, and (d) pitch of iron oxide 
nanowires following iron oxide inclusion process. Note that 150-170 features were 
measured from respective SEM images using ImageJ software for processing and 
calculation.  
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Figure S7.7.2. XPS data of iron oxide nanowires following metal ion oxidation and 
polymer removal through UV/O3 treatment. (a) Survey spectrum of Fe3O4 nanowires on 
GeOI substrate with HSQ prepatterns. Peaks identified include Ge 2p, Fe 2p, O 1s, C 1s, 
Si 2p, and Ge 3d.  Expected peaks were observed at binding energies of ~1220-1215 eV 
for Ge 2p3/2 and ~ 29 eV for Ge 3d due to the top layer of Ge of the GeOI substrate. We 
believe the C 1s peak and Si 2p are present due to residual polymer and residual HSQ 
material at the GeOI surface. Furthermore, high-resolution Fe 2p core level energy 
spectrum displayed in Figure S7.7.2b shows both Fe 2p3/2 and Fe 2p1/2 peaks at 710 eV 
and 724 eV respectively. These are in good agreement with previous literature.1 The 2p3/2 
: 2p1/2 ratio was calculated to be 2 : 1. Note that the 2p features were processed with the 
CasaXPS software using a Shirley background subtraction and curve-fitting to Voigt 
profiles. High resolution O 1s core level energy spectrum at 532 eV is shown in (c).  
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Figure S7.7.3. Top-down SEM images of large scale graphoepitaxial alignment of 
“activated” PS-b-P4VP templates following ethanol exposure on Ge in HSQ prepatterns 
of 224 nm channel width (a), and 265 nm channel widths (b) and (c). Note in (c) open 
unpatterned areas are evident with characteristic “fingerprint” patterns of cylinder lying 
parallel to substrate surface.  (d) Top-down SEM image of arrays of 6 Fe3O4 nanowires 
within HSQ prepatterns of 224 nm channel width after metal oxide inclusion process. (e) 
Top-down SEM image of arrays of 7 Fe3O4 nanowires within HSQ prepatterns of 265 
nm channel width after metal oxide inclusion process. 
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Figure S7.7.4. Top-down SEM images of DSA Fe3O4 nanowire hardmasks in different 
channel widths after 3 seconds CF4 etching for pattern transfer. Channel widths for each 
are 224 nm (a), 265 nm (b), 326 nm (c), and 361 nm (d) respectively. One observes the 
contrast of the hardmask relative to the Ge material after plasma treatment. The contrast 
is slightly enhanced in comparison to unetched samples as displayed in Figure 7.2e-h in 
main chapter.  
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Figure S7.7.5. XPS spectra of (a) survey of γ-Al2O3 nanowires on planar GeOI following 
effective metal oxide inclusion and UV/O3 exposure for 3 hours showing expected peaks. 
(b) High resolution O 1s of γ-Al2O3 with peak at 531 eV. High-resolution level energy 
spectrum of the Al 2p peak at 73 eV is shown in inset in chapter 7 Figure 7.4a. XPS 
survey spectra and high-resolution level energy spectrum of oxygen for HfO2 nanowire 
sample on planar GeOI are shown in Figure S7.7.5 (c) and (d). High-resolution level 
energy spectrum of the Hf 4f peak at 17 eV is shown in inset in chapter 7 Figure 7.4.b. 
The XPS of Al 2p and Hf 4f  and corresponding high-resolution O 1s values agree well 
with literature reports for both γ-Al2O3 and HfO2 material.2,3 
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8.1. Conclusions and Future Work 
Next-generation electronic devices are expected to comprise an unprecedented level of 
sophistication. Whilst high speed and low power consumption are prerequisites, multi-
functionality and increased connectivity will be anticipated by consumer’s i.e. Internet 
of Things (IoT). Semiconductor and nanoelectronic industries have continually achieved 
increased growth and density of silicon device components every ~ 18 months. However, 
dimensional scaling of integrated circuit features at sub-10 nm may be problematic due 
to the physical limits of optical lithography and performance issues associated with 
silicon (leakage, voltage variability and signal delay) and thus new materials and 
processes are required to augment the lithographic process. This thesis aimed to 
demonstrate on-chip etch masks to fabricate high fidelity and high density silicon and 
germanium nanostructures using BCP lithography practices to provide viable routes for 
next-generation electronic technologies. The advantages of BCP patterning are clear and 
well-known including; 1) low cost, 2) high areal density with high throughput and 3) 
ability to access sub-20 nm features. Limitations and challenges in the DSA of BCPs 
field that this PhD work focused on included; 1) extending etch methodologies using a 
PS-b-PLA BCP, 2) enabling high etch contrast using “in-situ” metal oxide hardmasks 
with PS-b-P4VP BCP, and 3) integrating these processes with DSA technology.  
 
Chapter 1 introduced the fundamental areas of BCP materials and employed methods in 
the past and more recently for inorganic incorporation with “neat” BCPs. The 
incorporation methods detailed were in relation to their use as on-chip etch masks for 
advanced lithography purposes. Additionally, functional uses for devices and non-
electronic uses were also mentioned. Whilst efforts for advanced lithography patterning 
will continue, the area of BCP patterning for inorganic inclusion and resulting pattern 
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transferred geometries are now being used for diverse functions as smart surfaces, in 
biomedical devices and for energy conservation. This is an area that will continue to 
grow and much future work will focus on these uses with possibilities for 
commercialization.  
 
Chapter 2 outlined simple wet etch processes for removing the PLA block from PS-b-
PLA lamellar patterns. The processes developed can be easily adopted by university 
research laboratories or small scale processes where dry etching tools are not 
available/accessible. The presence of a wetting layer or weak PS interactions requires 
careful substrate modification to retain the BCP film and avoid detachment. Another 
notable issue identified was pattern collapse in the PS-b-PLA system that was due to the 
thickness of the film. High aspect ratio of resist or on-chip etch masks will limit overall 
pattern transfer fidelity. The dry etch process described in chapter 2 for the removal of 
PLA from PS-b-PLA forming line space features was highly selective with great promise 
for lithographic patterning process to sub-20 nm features.  
 
Chapter 3 focused on the self-assembly of PS-b-PLA BCP line patterns using 
conventional solvent vapor annealing to form ultra-thin lithography relevant etch masks. 
Chapter 3 described short processing periods (< 1 hour) to form thin BCP films on silicon 
that are ideal for pattern transfer purposes. The through film uniformity was 
characterized via GISAXS measurements. Wet etch processes for PLA etching were also 
shown with high selectivity. DSA was utilized for guiding self-assembly of PS-b-PLA 
features. Future work must be carried out to optimize the DSA process to meet acceptable 
levels of pattern registration and control of alignment direction.  
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Chapter 4 highlighted a simple and short processing route using a molecular 
functionalization process to enhance and increase PS-b-P4VP BCP ordering and 
coverage. The route described avoided time consuming and costly polymer brush surface 
modifications. Moreover, the BCP templates were utilized for demonstrating the efficacy 
of a metal oxide inclusion procedure. Iron oxide nanodots were generated at the substrate 
surface after simple spin coating and following ICP etching, Si nanopillars were 
generated. The process surpasses “soft mask” templates as high aspect ratio (1:6) Si 
features were fabricated after pattern transfer. 
 
Chapter 5 detailed the self-assembly and alignment of PS-b-P4VP line features using 
HSQ prepatterns over large areas. Metal oxide inclusion was utilized for the generation 
of aligned 16 nm half-pitch silicon nanofins. The ability to position and orientate PS-b-
P4VP features and successfully enhance contrast using metal oxides integrated with 
graphoepitaxy is important for DSA to address device relevant geometries. Additionally, 
the alternative pattern transfer strategy was accomplished using various metal oxide 
materials showing the versatility of the process to enhance contrast leading to high 
fildelity (>1:4) silicon nanofins. Future work must focus on reproducing similar fidelity 
nanofins using smaller pitch patterns. The etching process at smaller dimensions will be 
considerably more complex in the sub-10 nm range as plasma based etches at the deep 
nanoscale regime are not well understood.  
 
Chapter 6 is closely related to the process described in chapter 5 and highlights an issue 
observed following metal oxide inclusion and upon pattern transfer of nanodomain 
variation along guiding sidewalls. Graphoepitaxy was used to guide PS-b-P4VP line 
features and feature size reduction was observed at sidewalls following solvent vapor 
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annealing. Excess swelling during solvent vapor annealing causing volume expansion 
was postulated to be the cause of the feature perturbation observed. Using wider trenches 
to compensate for the added volume expansion and thus larger BCP periodicity during 
solvent vapor annealing and monitoring of solvent-polymer parameters were put forward 
as means to avoid domain variations. Further study is needed to address this phenomenon 
and as suggested, trench widths should be adjusted to match the solvent vapor annealed 
periodicity and not the dried state periodicity. Additionally, investigation of solvents with 
different selectivity values that form line patterns of PS-b-P4VP may lead to less 
swelling/volume expansion and thus avoid deformation or feature size reduction. 
Moreover, “in-situ” swelling studies would be insightful to precisely calculate the solvent 
vapor annealed BCP periodicity and thus identify an optimum window for channel 
widths. Jung and co-workers1 recently described employing warm solvent vapor 
annealing to reduce cylinder line edge roughness and cylinder deformation in a PS-b-
PDMS BCP system.  
 
Chapter 7 presented an integrated approach to achieve high aspect ratio sub-10 nm 
aligned germanium nanofins using metal oxide enhanced PS-b-P4VP line features. 
Germanium is of much interest in the scientific community as a high mobility material 
to advance next generation electronic devices.2 As described in chapter 5 and chapter 6, 
HSQ prepatterns initially employed to guide PS-b-P4VP features during solvent vapor 
annealing. Germanium-on-insulator (GeOI) substrates were used for demonstration and 
after metal oxide inclusion and pattern transfer resulted in high fidelity Ge nanofins. 
GeOI is potentially a very promising substrate for industrial integration as Ge 
nanostructures can be fabricated on a substrate possessing similar properties to silicon. 
BCP patterning has been shown using other high mobility materials such as graphene3,4 
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however this chapter demonstrated pattern transfer of a BCP mask on germanium for the 
first time. Future work regarding the applicability of patterning smaller features must be 
carried out to assess the viability of DSA BCP patterning on GeOI.  
 
Whilst this thesis has documented sub-20 nm half-pitches and sub-10 nm pattern 
transferred features, many challenges exist and will emerge as BCP patterning and DSA 
methodologies aim to achieve sub-10 nm pattern transferred pitches. With this goal, new 
materials and innovative processes will be needed to achieve further fin scaling. Since 
BCP microphase separation is difficult to achieve with lower χN values, “exotic” BCP 
materials or new additives to BCPs will be needed that can retain a χN value in the 
ordered phase. This may be possible using sugar5 based BCPs as was reported lately to 
effectively raise a BCPs χN value at low molecular weight or using salt addition6 to effect 
a BCPs χ value. 
  
Additionally, the study of scaling BCPs for etch-mask application will encompass 
metrology methods for assessing global coverage and defects of polymer patterns. 
Moreover, high-resolution imaging, including helium ion microscopy7 and 3-D electron 
tomography8,9 of patterns will be required as the resolution of current techniques may not 
be able to characterize patterns effectively in the sub-10 nm regime.  
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